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much neglected, perhaps because of the widespread belief that among them 

spontaneous tumors are rare, and consequently not readily available for in- 
vestigation. But, as a matter of fact, all the main varieties of tumors that occur in 
man and other warm-blooded vertebrates have also been observed in cold-blooded 
vertebrates, and some varieties of neoplasms are actually more common in these 
animals than are the corresponding tumors in birds or mammals, including man. 

The purpose of this review is, first, to summarize existing knowledge concerning 
the occurrence, the varieties, and the behavior of tumors in fishes, amphibians and 
reptiles; second, to give a brief account of tumors which have proved favorable ma- 
terial for studies upon neoplasia; and third, to discuss the lines of investigation which 
have been pursued. It is with the last aspect particularly that we wish to deal. 

Earlier surveys of neoplasms in cold-blooded vertebrates (especially in fishes) 
have been given by Pick (95), Murray (90), Schroeders (113), Plehn (98, 99), Schmey 
(108); Takahashi (122), Thomas (127), Haddow and Blake (49), and Finkelstein 
(32). Lately, we have assembled, as a guide to source material, abstracts of all 
the reports in the literature dealing with tumors in fishes, amphibians and reptiles 
(111); to this paper the present review is complementary. 


[ THE experimental study of neoplasia, the cold-blooded vertebrates have been 


SURVEY OF TUMORS IN COLD-BLOODED VERTEBRATES 


Fishes. Tumors have been recorded in at least 114 different species of fishes, 
and in 15 additional species which have not been properly identified. Ninety-five 
of the tumor-bearing species are distributed among 45 families of teleosts, the bony 
fishes to which most living fishes belong. Nearly one-half of all species affected 
are representatives of only 5 families, namely the salmoids (Salmonidae—salmon, 
trout), the cyprinoids (Cyprinidae—carp, dace, minnows, chubs, barbels), the cod- 


1 Investigations by the authors were aided by grants from the Donner Foundation. 
* Present address: The Ohio State University, Columbus, Ohio. 
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fishes (Gadidae), the flatfishes (Bothidae), and the flounders (Pleuronectidae). It is 
not likely, however, that members of these families are especially susceptible to 
neoplastic processes; rather, because of their economic importance, greater numbers 
of these fishes are caught and inspected. The fact that tumors are also known to 
occur in 40 other families of teleosts, as well as in 4 families (9 species) of elasmo- 
branchs (cartilagenous fishes such as skates, rays and sharks) indicates the wide 
distribution of neoplasia in different taxonomic groups of fishes. The majority of 
tumor-bearing individuals have been obtained from their natural habitat; a few were 
found in hatcheries or aquaria. Both marine and fresh water forms, of the most 
diverse habits, and from many different geographic areas are represented. 

The varieties of tumors, and the number of different species in which they have 
been observed, are given in table 1. It will be noted that the neoplasms of epithelial 


TABLE 1. TUMORS LN FISHES 


VARIETIES OF TUMORS NO. OF SPECIES AFFECTED |! VARIETIES OF TUMORS NO. OF SPECIES AFFECTED 
Tumors of Epithelial Tissues 
AEE Cee 10 Tumors of Pigment Cells 
@ Erythrophoroma................. 5 
6 Xanthophoroma. ss 
Thyroid “tumors”.......... 16 
Tumors of Mesenchymal Tissues Tumors of Nervous Tissues 
15 
7 
Hemangioma II 
3 
Sarcoma (unclassified).............. 31 


and of mesenchymal origin are the predominant groups; this is equally true in mam- 
mals and birds. Tumors of pigment cells are relatively more prominent in fishes 
than in mammals or birds, perhaps because of the greater abundance of such cells 
in fishes. Few kinds of tumors of neural tissues have as yet been recorded. 

In the group of epithelial tumors, all the main varieties are represented. The 
most common non-malignant form is the papilloma of surface epiderm; papillomas 
of the viscera have not as yet been reported. Adenomas are much less common; 
they have been found in the liver, kidney, ovary and the parabranchial bodies. The 
latter are small organs which lie in front of the true gills; their function is unknown. 
Another tumor, unique to fish, occurs in the dental group, namely an ‘odontoma’ of 
the skin in a shark. The placoid scales of sharks are, phylogenetically, the most 
primitive ‘teeth’ of vertebrates. The other dental tumors correspond closely to 
those of mammals. The malignant epithelial tumors have been subdivided in table 
t into epitheliomas (epidermoid carcinomas), and adenocarcinomas, i.e., carcinomas 
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arising from glandular tissues. The former are more common, and occur chiefly 
on the lips, the oral mucosa, and the skin. Adenocarcinomas, like their benign 
variants, the adenomas, arise in the kidney, the cutaneous glands, and in the digiti- 
form glands—structures having no homologue in the higher vertebrates. The last 
group of epithelial tumors given in the table, those of the thyroid, have been listed 
separately, for the nature of these is still undecided; most of them are undoubtedly 
not true neoplasms but goiters and we shall briefly discuss them in the next section. 

The largest and most important group of piscine tumors are those of mesenchy- 
mal tissues. Practically all the varieties which are recognized in mammals and 
birds are represented. The prominence of the malignant types, sarcomas, ispar- 
ticularly noteworthy. In the table most of them have been left unclassified, ex- 
cepting the osteosarcomas and lymphosarcomas. The preponderance of mesen- 
chymal tumors in fishes is probably explainable on the grounds that, first, most of 
the tumors recorded are from regions where they would attract attention; and second, 
in fishes, as in certain mammals and birds, the mesenchymal tissues are more sus- 
ceptible to neoplastic processes than are epithelial or other tissues. The majority 
of these tumors arise in the dermis, the subcutaneous tissues, the skeletal musculature 
and the bones; but many of the internal organs are also involved, i.e., one or more 
varieties of tumors are recorded in the esophagus, the stomach, the intestine, liver, 
kidney, testis, ovary and swim bladder. 

Tumors of pigment cells occur in a considerable number of species. The most 
common of these tumors is the melanoma of the skin, subcutaneous tissue, or eye. 
Other pigment cell tumors, unique to fishes, are those which arise from the red-pig- 
mented erythrophores (allophores), from yellow-pigmented xanthophores, and from 
guanophores, cells which contain guanin crystals. Although pigment cell tumors are 
often locally invasive and destructive, their behavior on the whole is relatively non- 
malignant. 

Tumors of nervous tissues are represented chiefly by new growths of nerve 
sheaths which among certain species are very common (76). No neoplasm arising 
in the brain or the spinal cord has as yet been recorded, nor is there evidence of any 
systematic search for such tumors. 

Amphibians. Unlike fishes, few species of amphibians are obtained in large 
numbers for human consumption. On the other hand, several species have for over 
a century been favorite laboratory animals, yet relatively few varieties of neoplasms 
have been reported (table 2). The inference must not be drawn, however, that 
amphibians are less susceptible to the development of neoplasms than are fishes; it is 
more likely that less intensive search has been made for them by workers who are 
interested in neoplasia. When some years ago a chance finding of a kidney carcinoma 
in a leopard frog led one of us to a systematic examination of this species, the in- 
cidence of this cancer was found to be high (69, 73). 

Tumors known to occur among urodeles are carcinomas of the skin and of the 
testis, and fibromas and melanomas of the subcutaneous tissue. Although the 
number of known urodilian tumors is small, it includes two kinds which have been 
studied experimentally: a transmissible skin carcinoma of the newt, Triton alpestris 
(20), and a melanoma of the axolotl, Siredon mexicanus, which probably develops 


on a hereditary basis (114). 


‘ 
) 
wis 
| 


94 BALDUIN LUCKE AND H. G. SCHLUMBERGER Volume 29 


Among anura, a somewhat greater variety of tumors has been observed, all 
but one in members of the frog family, Ranidae. The epithelial tumors comprise 
adenomas and adenocarcinomas of the skin glands, carcinomas of the ovary, kidney, 
and liver. The mesenchymal neoplasms involve chiefly the extremities. One tumor, 
a@ myxoma or myxosarcoma, was observed in a large tadpole of R. clamitans (71). 

Reptiles. Until recent years, tumors in reptiles were believed to be exceptionally 
rare, but lately several have been observed (table 3). Among turtles, papilloma of 
the skin is fairly common. Adenomas have been reported in the thyroid and the 
lung, and an adenocarcinoma in the stomach The only mesenchymal tumor on 


TABLE 2. TUMORS IN AMPHIBIANS 


ORDER OF AMPHIBIA VARIETIES OF TUMORS NO. OF SPECIES AFFECTED 
Urodeles Carcinoma 3 
(Tailed amphibians) Fibroma 2 
Melanoma I 
Anura Adenoma 3 
(Tailless amphibians) Hepatoma I 
Carcinoma 4 
Fibroma I 
Myxoma I 
Chondroma I 
Osteosarcoma I 
Sarcoma (unclassified) 3 

TABLE 3. TUMORS IN REPTILES 

ORDER OF REPTILES VARIETIES OF TUMORS NO. OF SPECIES AFFECTED 
Chelonia Adenoma I 
(Turtles) Papilloma 2 
Carcinoma I 
Rhabdomyoma I 
Crocodilia Papilloma I 
(Crocodiles) Sarcoma I 
Sauria Papilloma 3 
(Lizards) Carcinoma 2 
Chondroma I 
Serpentes Adenoma I 
(Snakes) Carcinoma 4 
Rhabdomyoma I 
Melanoma 2 


record is a questionable rhabdomyoma of the heart. In crocodiles, neoplasms have 
been observed only twice, namely, a papilloma of the skin and a sarcoma of the liver. 
In lizards, the tumors include papillomas of the skin, carcinomas of the skin and of 
the mouth, and multiple chondromas of bones. In snakes have been found: an 
adenoma of the stomach, carcinomas of the ovary, kidney, pancreas, and bile ducts; 
a rhabdomyoma of the upper labial folds, and several cases of melanoma of both 
the malignant and non-malignant forms. Recently, Ratcliffe (101) has studied an 
extremely atypical form of regenerative hyperplasia which is very common in the 
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pancreas of captive snakes, particularly those belonging to the Cro/alidae (rattle 
snakes, water moccasins) and the Colubridae (pine snakes). The nature of the lesions 
is still uncertain; histologic appearance so frequently resembles neoplasms that 
Ratcliffe at the time of his report regarded them as such; but in a recent personal 
communication he questions his earlier interpretation. Of interest is the fact that 
contrary to the high incidence of this atypical proliferation in the pancreas of captive 
individuals, it is uncommon in snakes obtained from a state of nature. Whatever 
the character of the process, it merits further investigations. 

Structure and Behavior of Tumors in Cold-blooded Veriebrates; Occurrence of 
Metastasis. ‘There are no essential differences in structure between tumors of cold- 
blooded vertebrates and the corresponding tumors of birds or mammals. It has 
been claimed, however, that there are differences in biological behavior: while ma- 
lignant tumors of cold-blooded animals infiltrate and destroy neighboring tissue, as 
do their counterparts in higher vertebrates, they are said to show less tendency to 
metastasize (49, 95, 99, 124, 127). Such statements are based largely upon study 
of neoplasms in fishes. Thus, Thomas (127) in a review of tumors in fishes, of which 
40 were regarded as malignant epithelial growths, and 106 as sarcomas, found only 
1o with metastatic dissemination. On the contrary, Takahashi (122) questioned 
the alleged rarity of metastasis in fish, and reported 3 examples among 20 malignant 
tumors. 

It must be remembered that our information with respect to tumors in fishes 
and other cold-blooded animals is based very largely upon individuals caught in 
their natural habitat. It may well be that metastatic dissemination of a cancer so 
lessens the chances of survival of a tumor-bearing animal in its struggle for existence, 
that the process rarely comes to observation. Moreover, metastasis usually occurs 
in the more advanced stages of neoplastic growth; hence it may not as yet have taken 
place even when a large series of animals with cancer is examined. A pertinent 
example is our experience with the carcinoma of the kidney in the leopard frog. In 
our first report, based upon the study of 158 tumor-bearing individuals, no instance 
of metastasis was observed, and it was therefore concluded that the tumors differed 
from comparable human neop!asms in their failure to metastasize (69). But in a 
second series of 362 additional cases, metastatic dissemination was found in 22; 
this series differed from the previous one in that it included a considerable number of 
massive tumors, i.e., tumors in a more advanced stage (70). At present, over 75 
examples of such metastasizing tumors have been observed by us. 

It is not yet possible to generalize concerning the frequency of this process in 
malignant neoplasms of cold-blooded vertebrates, for not only do different kinds of 
cancer vary widely in their capacity for dissemination, but, with the possible ex- 
ception of the frog carcinoma, we lack adequate information concerning any one 
kind. It may also be true that metastasis, like other biological processes, develops 
at a s'ower rate in cold-blooded animals than in man and other warm-blooded verte- 
brates. However, the fact that metastasis does take place has been definitely es- 
tablished for a considerable variety of malignant tumors in fishes, amphibians, and 
reptiles. 

Incidence of Neoplasms in Cold-blooded Vertebrates. In his excellent review on 
the comparative study of cancer, Cramer (26) pointed out that in statements con- 
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cerning incidence of tumors, two important factors are often not considered; first, 
that the incidence varies with the age-constitution of any group; second, that the 
organ incidence varies greatly in different species. With regard to the first, he quotes 
figures for the incidence of human cancer in England, according to which only 1 out 
of 17,000 people below the age of 35 years dies of cancer; similarly, for mice, Bashford 
is said to have observed only 12 spontaneous tumors among 30,000 relatively young 
animals. Many other figures of like nature are given. The induction of neoplasia 
is an extraordinarily slow process, which in every species consumes a considerable 
proportion of the life span of the individual; hence neoplasms are rare in early life. 
While data on the incidence of tumors in relation to age are available for domesticated, 
laboratory, and captive wild animals, there is no such information concerning species 
living in a state of nature, as do most cold-blooded vertebrates. Despite this lack, 
the incidence of tumors in a few species has been found to be astonishingly high. 
Thus, the transplantable epithelioma of the lip and mouth of the catfish (A meirus 
snebulosu) has been estimated by commercial fishermen of experience to occur in 1 
out of every 300 to 500 fish (80). All of the tumor-bearing catfish were full grown; 
no tumors were found in small, that is to say, young fish. As for tumors of the nerve 
sheaths in fish of the snapper family, Lutianidae, examination of many thousands 
of live fish and statements by fishermen indicate that as many as 0.5 to 1 per cent 
of gray snappers may be tumor-bearing (76). The incidence of the common mesen- 
chymal tumors which arise in the corium of the goldfish, Carassius auratus, may 
exceed 10 per cent in certain pools, though this neoplastic disease is non-existent in 
the population of other pools (82). Papillomatous growth of the skin in the slippery 
dick, Jridio bivittata, is quite common; in one survey 30 examples were observed 
among approximately 6000 of these fish (72). The thyroid ‘tumor’ of salmonoid 
fishes, which will be discussed in the next section, may affect hundreds of individuals 
in a hatchery (36, 86). Among amphibians, an examination of 1800 frogs, Rana 
fusca, led to the discovery of 17 with adenomas of the skin, and 1 with myxochon- 
droma (97). The carcinoma of the kidney in the leopard frog, R. pipiens, is even 
more common; examination of 10,317 frogs, most of them obtained from students’, 
physiological and pharmacological laboratories, revealed that this cancer occurred 
in 217 per cent (73). While there was some variation in frequency in different lots, 
the incidence on the whole was quite constant and varied but little from year to 
year. In recent series, a similar high incidence has been found. 

These figures indicate that several varieties of tumors are as common or more 
common in species of fishes or amphibians than the corresponding tumors in man. 

With regard to the second factor stressed by Cramer (26), it is an established 
fact that tissue or organ susceptibility to neoplasia differs throughout the vertebrate 
kingdom. For example, in the two species of laboratory animals most often used 
in cancer research, mice and rats, the tissues most prone to become neoplastic are 
epithelial in mice, and mesenchymal in rats. In all species of mammals and birds 
one or several particular kinds of tumors have been found to preponderate (26, 30, 
56, 100). Among cold-blooded vertebrates, tissue or organ susceptibility is quite 
as distinctive. In the examples given, the types of tumors named were either the 
only types observed, or by far the most common. Moreover, while these types out- 
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numbered all others in any given species, they were rare or absent in other, even 
closely related, species. For example, among thousands of red tai, Pagrosomus 
major, Takahashi (122) found 102 with multiple osteoma of the hemal spines, but 
only a single individual with a carcinoma; and while osteomas have been observed 
in at least 15 different species of fish, this tumor is far more frequent in the red tai 
than in any other species. 


COMMON TUMORS SUITABLE FOR EXPERIMENTAL STUDIES 


As shown in the preceding paragraph, a variety of tumors are common in species 
readily obtainable in this country. Moreover, they are adaptable to conditions 
which permit experimental investigations. Here, we shall limit ourselves to a brief 
account of the following: Melanoma of killifish hybrids, epithelioma of catfish, tumors 
of the nerve sheath in fish of the snapper family, a common mesenchymal tumor of 
goldfish, carcinoma of the kidney in leopard frogs, papilloma of the slippery dick, and 
‘tumors’ of the thyroid in fishes. The last two are of debatable nature, and at least 
in many cases may represent extreme and atypical hyperplasia rather than neo- 
plastic processes. They are included because they afford an opportunity to investi- 
gate important borderline conditions. 

Melanoma of Corium in Hybrid Killifishes. There are few neoplasms of more 
debatable cell origin or of greater variation in biologic behavior than the melanomas. 
These neoplasms occur in all classes of vertebrates (2, 30, 56, 133); in cold-blooded 
vertebrates they are especially common in fishes (table 1). Willis (133) has recently 
stated: “Closer study of melanosis and of melanomas in animals is needed; it will 
surely help in the solution of some of the vexed problems of histogenesis in this field.” 
The melanotic tumors which are prone to arise from hereditary melanosis in hybrids 
of the Mexican platyfish, Platypoecilus maculatus, and the swordtail, Xiphophorus 
hellerii, afford excellent material for the study of some of these problems. These 
are small, closely related fishes whose natural habitat is in various rivers of Mexico 
and Guatemala; they have long been popular as aquarium species. The parents in 
a state of nature are not known to interbreed, but hybridization readily takes place 
under domestication. Although tumors have never as yet been observed in the two 
parent species, the offspring of intergeneric mating commonly exhibit melanosis, that 
is to say, black patches on the surface of the body or the fins due to the presence of 
excessive numbers of macromelanophores in the corium and the subcutaneous tissue. 
The early stages of melanosis have been observed at birth in these viviparous fishes 
and even in embryos (42). Ina considerable proportion of hybrids bred from certain 
races of these killifishes, localized congenital melanosis progresses to a neoplastic 
condition, a melanoma. Recent accounts of these tumors have been given by Gordon 
(40), and by Levine (65), whose papers contain references to the literature. The 
tumors grow slowly and usually form flattened or nodular masses, often of consider- 
able size, beneath the epidermis of the body, the fins and the tail. Grossly, the typical 
melanomas are black in color, but as in other species, non-pigmented areas or nearly 
amelanotic tumors may develop. Histologically, the neoplasms exhibit considerable 
variation in their cellular pattern; some are composed predominantly of compact 
masses of spindle-shaped or polygonal cells, in others there is much pleomorphism. 
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In typical melanomas the neoplastic cells have the capacity to synthesize melanin. 
In the amelanotic variants this capacity has not been attained, although these tumors 
may be invaded by normal, non-neoplastic cells which contain melanin. There is 
evidence that a large pigment-forming cell, the macromelanophore, in some way 
incites the development of the tumors. It is probable that these cells become neo- 
plastic and are greatly altered in structure and behavior. However, in some tumors 
the neoplastic elements may be derived from other cells in the corium. Most of 
these melanomas appear to remain non-malignant, although they may destroy 
neighboring tissues by pressure and through local invasion. Occurrence of metastasis 
has not been observed. 

The melanomas of hybrid killifishes have been extensively studied with par- 
ticular regard to the genetic factors involved in their development (40). The growth 
of the tumors in tissue culture has also been investigated (43, 44). 

Transplantable Epitheliomas of the Lip and Mouth of Catfish (Ameirus nebulosus). 
Epitheliomas of the lip and mouth have been reported in several widely different 
species of both fresh water and salt water fishes (111). One species of catfish is 
commonly afflicted with a neoplasm which bears some resemblance to epithelioma 
of the lip in man. At the time of our first report, 166 live, tumor-bearing catfish had 
been received in our laboratory during a period of two years; since then many others 
have been studied (80). The tumors may be solitary or multiple, and usually form 
large, red, fleshy masses upon the lips or the adjacent dental plates; some become 
so massive as to prevent closure of the mouth. In approximately one half of the 
cases, both upper and lower lips or dental plates are involved; usually such tumors 
are in direct apposition. Histologically, the tumors consist of closely packed masses 
of epithelial cells, often in papillary arrangement, and supported by a delicate but 
richly vascular connective tissue stroma. In their early stages, most of them grow 
in an outward direction and show little sign of invasion. Later broad pegs of tumor 
cells may push deeply into the subjacent tissue. The larger growths are still more 
frankly invasive; the deeper layers of cells lose their compact arrangement, and 
frequently extend into blood vessels where they form emboli. The course of the 
tumors varies, and in most, growth is slow bet progressive, while in some, increase in 
mass is rapid. Despite the frequency with which tumor emboli are encountered, 
no metastases have as yet been found. 

There is but little information at present concerning the geographic distribution 
of this neoplastic disease other than that it is common in streams and ponds of Penn- 
sylvania and New Jersey. 

The ease with which catfish can be adapted to laboratory conditions makes 
possible prolonged study of the naturally occurring neoplasms, particularly with 
respect to their inception and course. In the catfish neither the normal nor the 
neoplastic mucosa undergoes keratinization; hence in their earlier stages these epithe- 
liomas are relatively translucent; this allows study of the relation of blood vessels 
to the inception and progress of the cancer. It is also possible to transplant the 
neoplasm into the anterior chamber and between the layers of the cornea. 


3 The dental plates of catfish lie in immediate contact with the lips. They are flat ridges, 
slightly elevated above the remainder of the ora! mucosa which covers them. The ridges support 
multiple rows of tiny primitive teeth which barely project through the mucosal surface. 
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'** Tumors of Nerve Sheaths in Fish of the Snapper Family (Lutianidae). These 
tumors closely resemble a complex group of neoplasms which hitherto have been 
studied chiefly in man. Reflecting opinions concerning their histogenesis, such 
tumors are variously called: neurinoma, neurilemmoma, schwannoma, and perineural 
fibroma. They are common in several members of the snapper family; especially 
the grey snapper, Lulianus griseus, the dog snapper, L. jocu, and the school master, 
L. apodus (76). These are large fishes, averaging several pounds in weight, which 
are widely distributed in subtropical and tropical waters, and are abundant around 
Florida and the West Indies. The tumors generally occur along the course of the 
larger subcutaneous nerves, and project outward as firm masses, ranging in size 
from small nodules to growths over 5 cm. in diameter. Asa rule only a single tumor 
is present, but two or rarely more may occur. Histologically, they are usually com- 
posed of two kinds of tissue, one compact and richly fibrocellular; the other loose, 
reticulated and less cellular. The constituent cells and intercellular fibers of these 
tumors appear to be essentially the same, and are arranged in similar patterns in 
fish and in man. Palisade formations of nuclei and fibrils, which when present are 
regarded as a highly characteristic feature of nerve sheath tumors in man, occur in 
approximately one-third of the fish tumors. The growths, though well circumscribed, 
are usually not encapsulated, and a small number of them show limited invasiveness. 

Nerve sheath tumors appear to be considerably more common in fish of the 
snapper family than in man. Their occurrence in a species which can be maintained 
for long periods in marine aquaria, renders these tumors favorable material for the 
study of an important group of neoplasms. 

Common Mesenchymal Tumor of the Corium of Goldfish (Carassius auratus). 
These tumors belong to the group which has been named, rather loosely, fibrosar- 
comas; their histogenesis is still uncertain. They appear to have a wide geographic 
distribution, having been reported from countries in America, Europe and Asia (81). 
The tumors arise in the corium or the subcutaneous tissues and project outward 
as solitary, less often multiple, ivory-white, firm masses. While their rate of growth 
is generally slow, some rapidly attain relatively great size. The smaller tumors are 
circumscribed, though not encapsulated, whereas the larger are frankly invasive and 
locally destructive. Histologically, they resemble neoplasms of connective tissue. 
The small tumors are similar to fibromas, the larger rapidly growing tumors look 
like fibrosarcomas, but the paucity of fiber formation makes a purely fibroblastic 
origin doubtful. It is characteristic of this neoplastic disease that it occurs in certain 
pools and is absent or rare in others. Where prevalent, the number of tumor-bearing 
fishes as a rule gradually increases. The ease with which goldfish can be maintained 
in the laboratory, and the exposed position of the tumors, permit study of the nat- 
ural history of the neoplasms, particularly with respect to their inception and course. 

Carcinoma of the Kidney of the Leopard Frog (Rana pipiens). This is probably 
the most readily available tumor known at present in cold-blooded vertebrates (69, 
70, 73). Over 1200 have been studied in this laboratory. 

The tumors occur in one or both kidneys as solitary or multiple, white, solid or 
partially cystic growths varying in size from small nodules to large, irregular masses 
several times the size of the kidney which they replace. The larger and presumably 
more rapidly growing tumors not uncommonly metastasize, especially to the liver 
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and lungs. Histologically, the majority of the tumors have the appearance of 
adenocarcinomas. The component epithelial cells are atypical, much larger, and 
more basophilic than normal kidney cells. Usually they are crowded in disorderly 
multiple layers around irregularly shaped gland-like acini. Numerous mitotic figures 
denote active proliferation. The stroma is scanty and poorly vascular. A capsule 
is lacking, and marginal extensions of the tumor infiltrate and destroy the adjacent 
kidney. 

In a smaller group the component cells are less atypical, the tumor tubules are 
single-layered, more orderly, and there are few mitotic figures. While a capsule is 
lacking, no actual invasion occurs at the periphery. A frequent variation from this 
adenomatous growth is cystic dilatation with papillary projections into the cyst. 

All gradations are found between the frankly malignant, invasive and destruc- 
tive adenocarcinoma and the structurally benign adenoma, cystadenoma and papil- 
lary cystadenoma. In general the larger tumors nearly always have a malignant 
appearance, although minute nodules are also often carcinomatous. 

One outstanding characteristic of the frog tumor is the frequent presence of 
acidophilic intranuclear inclusion bodies which, in their general appearance, are like 
those found in herpes and certain other diseases known to be due to viruses. They 
are invariably confined to the cells of the tumor and have never been observed in 
normal renal epithelium of tumor-bearing kidneys, nor in the cells of other organs. 

The cancer of the frog appears to be more prevalent in the northern New England 
states and in the adjacent parts of Canada than in other regions, but tumor-bearing 
frogs have also been obtained from Indiana, North Dakota and the Mississippi Valley. 
This tumor has proved suitable for various experimental studies which are discussed 
in the next section. 

‘Papilloma’ of the Skin in the Slippery Dick (Iridio bivittata). There is no sharp 
dividing line between ‘true’ neoplasms and certain exaggerated forms of hyperplasia. 
Indeed the latter may merge by ill-defined stages with the. former. A tumorous 
condition which belongs in this border-line group commonly affects a little reef fish, 
which is abundant in the waters around Florida and the West Indies (72). The 
growths generally appear as localized, flattened, nodular elevations of the skin, and 
frequently attain relatively large size. Histologically, they are composed of masses 
of atypical epidermal cells, arranged in alveolar grouping, and supported by a scanty 
stroma, giving a papillomatous character to the growths. The corium is infiltrated 
but no extension into deeper parts have been observed. Destruction of one or several 
fins often takes place. 

Fish affected with these papillomatous growths can readily be kept in indoor 
marine aquaria. They should prove suitable for the investigations of a variety of 
problems concerning abnormal proliferation, such as the effect of carcinogenic agents 
on a tissue already in a state of atypical proliferation. 

Thyroid ‘Tumors’ in Fishes. This is a common condition which has been vari- 
ously called ‘throat tumor’, ‘gill disease’, carcinoma of the thyroid, and endemic 
goiter or endemic thyroid hyperplasia. It affects especially members of the salmoid 
family, such as various species of trout and salmon, but it has also been found in a 
few kinds of marine fishes. The disorder is nearly always confined to captive fish 
in hatcheries or in aquaria. It seems to be distributed throughout the world, though 
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its incidence varies from sporadic cases to many hundreds in a single hatchery. The 
condition is characterized by atypical and marked proliferation of the thyroid leading 
to the development of conspicuous tumors which protrude through the floor of the 
mouth, in the gill regions, and elsewhere. Histologically, the structure of the growth 
is complex and ranges from simple hyperplasia to the formation of circumscribed 
nodules composed of less well differentiated cells. Such tumors are similar to those 
commonly observed in mammalian goiters, and are generally regarded as adenomas. 
In a more advanced stage, a definitely malignant appearance may be attained, the 
growth being composed of solid masses of atypical cells which seemingly invade and 
destroy the neighboring structures, such as bone, cartilage, muscle and walls of 
vessels. Often no sharp distinction, on histologic grounds, can be made between a 
purely hyperplastic condition, a non-malignant tumor, and an invasive cancer. 
Classification of these growths is complicated by the fact that in most fishes the 
thyroid is not an encapsulated organ as in the higher vertebrates, but consists of 
widely scattered tissue. Two principal views are held regarding the nature of the 
thyroid disease: one that “‘The so-called carcinoma of the thyroid of brook trout is, 
in its early stages at least, nothing more than severe endemic goiter. The possibility 
that this physiological hyperplasia may, in some instances, go over into actual car- 
cinoma is not denied and is in harmony with the more modern view of cancer develop- 
ment.” This represents the conclusions of Marine (86) and perhaps the majority 
of investigators. On the contrary, Gaylord (36) and a number of others hold that, 
while in many of the phases, the disease is identical with endemic goiter, it frequently 
tends to become a cancer. 

Because of the economic importance and the theoretical interest of this con- 
dition, it has been widely studied, particularly as to its etiology. Again two opposing 
hypotheses have emerged, one favoring the infectious nature of the process, the 
other regarding it as a reaction to abnormal food and over-crowding of fishes. For 
details, reference should be made to the monograph by Gaylord and Marsh (36), 
the papers by Marine and his associates (85, 86), and the review by Renaud (103). 

It is of interest to note that susceptibility to this condition varies considerably 
among different species of salmoids, some being entirely resistant. Among marine 
fishes, the shark-sucker, Echineis naucrates, appears to be a highly susceptible species. 
We have been able to study the development of large thyroid growths in 16 individuals 
of this species kept in captivity in a large public aquarium. None of the other marine 
fishes maintained in the same aquarium have developed the condition during a 
period of over 20 years (111). 

The thyroid ‘tumors’ in fishes probably correspond to similar growths in several 
species of mammals; see Willis (133) for references. They all raise the question of 
the relation between long persistent hyperplasia, which in some stages is reversible, 
and the development of non-reversible neoplasia. It would seem promising to re- 


study these tumors of fishes in view of the advances that have been made in the 
field of endocrinology. 


EXPERIMENTAL STUDIES UPON NEOPLASIA IN COLD-BLOODED VERTEBRATES 


In addition to the theoretical interest which tumors in cold-blooded vertebrates 
have, we may now consider them as material for the experimental study of neoplasia. 
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Although in number and variety such studies are as yet restricted, for many kinds 
of investigations cold-blooded animals have decided advantages. As compared with 
warm-blooded animals, their various vital processes usually are carried on more 
slowly; they are more closely dependent upon such environmental factors as tem- 
perature; their cells and tissues have a longer survival period in vilro; in some groups, 
particularly in amphibians, the cells, whether normal or neoplastic, are much larger 
than the corresponding cells of higher vertebrates. These various attributes permit 
a greater range in certain experimental conditions than is possible with birds or 
mammals, 

The pertinent investigations will be taken up under the following headings: 
etiology, transplantation, explantation, morphogenesis, effect of temperature, in- 
duction of neoplasia, and biochemical studies. 


Etiology 


1. Genetic Factors. a. Melanoma in hybrid killifishes. The study of hereditary 
factors influencing the development of neoplasms in fishes was introduced by Haiissler 
(52) in 1928 who observed the occurrence of melanosis and of melanotic tumors in 
platyfish—sword-tail hybrids. His work was soon confirmed by Kosswig (62, 63) 
and has been greatly extended by Gordon and his associates (40). Gordon’s studies 
are of particular importance since they have been conducted mainly with pure strains 
of these fishes. He has demonstrated by genetic methods that a certain kind of 
pigment cell, the macromelanophore, is responsible for the production of the tumors. 
Normally, the diverse color patterns of most races of the platyfish are mainly pro- 
duced by various arrangements of two types of melanophores, the macromelano- 
phores and the micromelanophores.‘ Gordon has shown that the development and 
distribution of the larger pigment cells is controlled by five genes, probably multiple 
alleles. Each gene is dominant, sex-linked, and does not by itself produce tumors in 
pure lines of platyfish. When, however, platyfishes of certain genetic constitution 
are hybridized with swordtails, which have a fairly uniform color pattern and carry 
only micromelanophores, fifty per cent or more of the offspring develop melanosis. 
As has been discussed in the preceding section such melanosis—a congenital mal- 
formation—may progress to the formation of melanotic tumors. The development 
of the neoplastic state is dependent upon the interaction of the platyfish macromelan- 
ophore genes with at least two modifying genes derived from the swordtail; these 
latter genes are not alleles. The effect of the modifiers can be enhanced or dimin- 
ished by suitable back-crossing of hybrids to parent species. As has further been 
shown, the amount of pigment elaborated by the neoplastic cells is also genetically 
controlled, and is a reversible process. It seems to depend largely upon genetic 


4In a recent review Rawles (102) discusses the origin of melanin-forming cells, which she 
designates melanophores. They are specialized, branched, wandering cells which morphologically 
are similar in all vertebrates. Their less differentiated precursors are termed melanoblasts. It is 
in this sense that Gordon and his associates have used the term macromelanophore and micro- 
melanophore for the melanin forming cells of killifishes. Melanin which has been liberated either 
by extrusion from melanophores or by death of these cells may be engulfed by any cell which has 
phagocytic capacity; such a cell may be termed a melanophage. There is, unfortunately, no uni- 
form usage with regard to melanin-containing cells, and opinions differ as to their origin (88). 
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factors whether the neoplastic transformation of actual or potential pigment cells 
results in the formation of typical black melanomas, or of more or less colorless 
amelanotic tumors. That the macromelanophores and not the micromelanophores 
are concerned in the initiation of the neoplastic process was demonstrated as early 
as 1931 by Gordon. He interbred varieties of platyfish which do not carry the larger 
pigment cells (as most varieties do) with swordtails, and the offspring, although 
abundantly supplied with micromelanophores, failed to develop either melanosis or 
melanotic tumors. On the contrary, if a variety of platyfish having only macro- 
melanophores is mated with a ‘golden’ swordtail which is wholly lacking in melanin- 
pigment cells, half the hybrids develop melanosis, i.e., the initial stage of melanomas. 

b. Ocular tumors with exophthalmia in xiphophorin fishes. In 1939 Jahnel (57) 
reported the occurrence of ocular tumors in a number of swordtail siblings, Xipho- 
phorus hellerii. The growths were markedly invasive, infiltrated the muscles and 
even penetrated the skull. Histologically, they were composed mainly of small 
round cells with an admixture of spindle-shaped cells, none were pigmented, and 
mitotic figures were common. The author believed that the tumors arose from 
the choroid. He regarded them as sarcomas (perhaps they actually represented 
amelanotic melanomas), and suggested a hereditary basis for their origin. 

Some years later, Levine and Gordon (66), in xiphophorin fishes of various 
breeds, which were totally unrelated to Jahnel’s stock independently discovered 
ocular tumors which also originated in the choroid. The growths had remarkable 
similarity with those reported by Jahnel with whose work Levine and Gordon were 
then unfamiliar. As many of the cells were melanin producers the tumors were 
considered to be melanomas, comparable to those of the human eye. More recently 
Gordon (41) studied the genetics of these tumors, and came to the conclusion that 
their development appears to be controlled by interaction of two complementary 
autosomal genes both of which are recessive. 

c. Erythrophoromas in xiphophorin fishes. Tumors arisiig from erythrophores 
(allophores), cells which form red pigments, have been reported in 5 species of fishes. 
These neoplasms have no counterpart in man or other warm-blooded vertebrates. 
The most detailed account of them has been given by Smith (119). In 1929 Kosswig 
(62) reported such tumors in two hybrid platyfish. In subsequent experiments he 
obtained a similar tumor in swordtail hybrids (63). He also found a typical eryth- 
rophoroma in a platyfish-swordtail hybrid, and when this hybrid was crossed with 
a pure line X. hellerii tumors were obtained in five of the offspring. Kosswig con- 
cluded that erythrophoromas developed on a hereditary basis. 

d. Melanoma of axoloils. This is the only known amphibian tumor which 
probably arises on a hereditary basis. In 1932, Sheremetieva and Brunst (114) 
found among hundreds of axolotls, Siredon mexicanum, a male and a female which 
had minute areas of melanosis which gradually progressed into melanotic tumors. 
The tumor-bearing pair was mated, and several offsmring developed, at first, melan- 
osis, and later melanomas. In three successive generations during the six following 
years, a considerable number of the offspring again developed melanomas. In 
the majority of individuals, the neoplastic disease manifested itself at about the 
end of the first year of life as one or several pigmented areas. Some of the melanotic 
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areas remained unchanged, while others thickened and gradually became transformed 
to large tumors, several centimeters in diameter. 

The melanomas vary in invasiveness, some remaining sharply circumscribed, 
while others extend deeply into the subjacent musculature. Histologically, their 
composition is very similar to that of the melanomas of hybrid killifishes. As in 
these fishes, the melanomas of axolotls begin in the corium, and the cell of origin 
appears to be a melanophore. This tumor is of interest not only because of the 
probable operation of genetic factors in its development, but because it is transplant- 
able. 

The breeding experiments of the Brunsts were unfortunately interrupted by the 
war, and the original colony of the tumor-bearing axolotls was lost. 

2. Viruses. As long ago as 1908, the presence of inclusion bodies suggested 
the possibility of a virus etiology in two common papillomas of fish. Keysselitz 
(59) studied papillomatous tumors of the lips of barbels, Barbus fluviatus, of the 
Mosel River. The nuclei of many of the neoplastic epithelial cells contained in- 
clusions, which the author compared to the inclusions of known virus diseases. A 
few years later, Breslauer (12) observed similar papillomas in another species, the 
stint, Osmerus eperlanus, from an inlet of the Baltic sea. In these tumors, cyto- 
plasmic inclusions were sometimes, but not regularly, encountered. So far as we 
are able to learn, neither of these studies was carried further. Because of the fact 
that epidermal papillomas of at least two species of mammals (rabbit, dog) are known 
to be caused by viruses, the papillomas, which are the most common of the epithelial 
tumors of fishes, deserve further investigation. 

a. Transmissible epithelioma in the newt. Carcinoma of the skin, believed to 
be caused by a virus, was reported by the Champys in 1935 (20). They had main- 
tained colonies of newts, Triton alpesiris, for years without having observed any 
new growths. In 1931, however, 3 out of 5 newts in one aquarium simultaneously 
developed cutaneous tumors in the tail and flank. These were-found at biopsy to be 
typical carcinomas, invading the muscles almost down to the vertebral column. 
The possibility that a carcinogenic agent might be present was investigated by placing 
in this aquarium after removal of the tumor-bearing animals but without change of 
water 8 other tritons (4 T. alpesiris, 2 T. cristatus, and 2 T. palmaius). The animals 
were left for one month when they were replaced by others, and so on. Of the first 
lot, 3 of 4 T. alpestris developed tumors after 18 months, but none arose in other 
species, nor in newts placed in the aquarium after the first month. 

The tumor was propagable by inoculation, but only under special conditions. 
When grafts were implanted subcutaneously, they usually regressed, but approxi- 
mately two years afterwards cutaneous tumors appeared in several animals, usually 
at some distance from the site of implantation. New growths developed only in T. 
alpestris, not in any of the other species inoculated, not even in 7. cristatus which 
can be crossed with 7. alpestris. 

The experiments were interpreted as indicating the existence of a virus, which is 
species specific, and which may be spontaneously transmissible. No further studies 
on this subject appear to have been published. 

b. Frog carcinoma. As stated above, one of the outstanding characteristics 
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of the kidney carcinoma of the leopard frog is the frequent presence of acidophilic 
intranuclear inclusions such as suggest the presence of a virus (69). Transmission 
experiments made it very probable that this carcinoma is, in fact, induced by a virus 
(73). A total of 810 frogs, in groups of 10 to 40, received inoculations from 44 dif- 
ferent tumors. When inoculated as cell suspensions or as living fragments into the 
lymph sacs, the cranial cavity or the coelomic cavity, no significant local growth 
usually resulted, and the implanted material became resorbed. However, in over 
20 per cent of the frogs surviving inoculation for more than 6 months, tumors identical 
with spontaneous neoplasms developed in the kidney. 

Similar results were obtained after intraabdominal injections of dessicated or 
glycerinated tumors. As in the preceding series, kidney tumors occurred in ap- 
proximately 22 per cent of the frogs that survived for more than 6 months. From 
these experiments the conclusion is warranted that the tumor-inducing agent can 
resist conditions incompatible with viability of animal cells; and that the causal 
agent of the frog carcinoma is very probably an inclusion-forming, organ-specific 
virus. No attempts have as yet been made to repeat these experiments with filtered 
tumor material. 

As controls, 953 frogs were maintained under precisely the same conditions as 
prevailed in the experimental series. In these groups, there was noted a slight rise 
in incidence of renal tumors, from 2 per cent to 6 per cent in frogs kept for more than 
6 months. While this rise is far below the striking increase in the experimental 
groups, it may have considerable significance. The possibility exists that the 
neoplastic disease is transmissible from frog to frog. In captivity, frogs are of 
necessity maintained under somewhat crowded conditions, thereby favoring not only 
direct contact but indirect transfer of various agents. Experiments were therefore 
devised to test the possibility that the tumor-inducing agents may be transferred by 
means other than inoculation. Frogs with large palpable kidney tumors were 
placed among groups of presumably healthy individuals; when a tumor-bearing frog 
died, it was replaced by another. Thus for approximately two years, normal frogs 
were kept together with tumor-bearing individuals. The results were inconclusive. 
It should be remembered that transfer of a virus disease from animal to animal some- 
times requires a complex cycle (117). In the case of the frog tumor these conditions 
are as yet unknown. 

3. Environmental Factors of Unknown Nature. In fish kept in captivity, some 
kinds of tumors tend to be prevalent among the inhabitants of certain pools or 
aquaria, whereas they are rare or absent in the population of others. For example, 
Fiebiger (31) observed the development of multiple cutaneous papillomas among a 
group of climbing perch, Anabas scandens, which had been kept in the same aquarium 
for two years. He likened the growths to infectious warts of mammals. Recently, 
Nigrelli (92) reported that all of 12 full-grown pike, Esox lucius, kept in one tank 
at the New York Aquarium succumbed during a period of two years from lympho- 
sarcomas of the kidneys. Similarly, the common mesenchymal tumor of the gold- 
fish, Carassius auratus, not infrequently affects a number of individuals in a pool (89, 
106). Thus of 30 goldfish bearing such tumors, studied by us, 28 were obtained from 
3 small concrete pools (81). Since hereditary factors could be ruled out, it seemed 
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probable that these pools provided an environment peculiarly suitable for induction 
of the neoplastic process. But experiments so far have indicated that if tumor- 
inciting factors are present they are either weak or very slow in their action. Never- 
theless, the not uncommon development of tumors among fishes living in the same 
environment provides opportunities for investigating this problem of carcinogenesis. 


Transplantation 


1. Tumors of Fishes. Until recent years the few attempts to transplant tumors 
of fishes were uniformly unsuccessful. The causes of the failures are obvious when 
the kind of tumor employed, and the techniques used, are examined. In most cases 
the neoplasms were benign and hence difficult to transplant even under the most 
favorable conditions; in all cases the number of recipient animals was wholly in- 
adequate. Moreover, many of the recipients died long before the transplants could 
possibly have become established. Thus, without success, Takahashi (122) at- 
tempted to transplant a papilloma, a fibroma, and a spindle-cell sarcoma; Picchi 
(94), 2 neurinoma; Eguchi and Oota (29), a fibroma; Beatti (5), a sarcoma; Freuden- 
thal (34), a fibroma; Haddow and Blake (49), a hepatoma; Montpellier and Dieu- 
zeide (89), a fibrosarcoma; and Lucké (76), a neurinoma. None of these unsuccessful 
experiments permits general conclusions as to the tranplantability of piscine tumors. 
Successful transplantation has recently been accomplished in two species. 

.a. Transplantable epithelioma of catfish. These tumors are readily transplant- 
able into the anterior chamber of the eye, and, by taking advantage of an anatomic 
peculiarity, between the layers of the cornea (80). In these locations, grafts from 
most of the tumors soon become established, and the growth of the transplants can 
be followed by direct microscopic examination. In the first group of experiments, 
autotransplants of 14 epitheliomas were made into the anterior chamber and of these, 
10 showed progressive growth. Usually, attachment of the graft occurred within a 
week and by the end of the second week vascularization had begun. The pattern of 
growth was relatively simple; the proliferating cells from the implants spread over 
the under surface of the cornea as dense membranes which gradually thickened, 
until by the end of the second month the chamber was filled with a compact, well- 
vascularized mass of tumor. Occasionally, the iris was invaded and in several cases 
the growing tumor extended through the operative scar and protruded beyond the 
cornea. In one case the growth pushed into the posterior chamber. 

In another group of experiments, tumor fragments were introduced between the 
layers of the cornea. In the catfish, and certain other cold-blooded vertebrates, 
the cornea can readily be separated into two layers, of which the inner is continuous 
with the sclera, and the outer with the skin. By a simple operative procedure a 
small pocket can be made within the cornea; implanting tumor fragments into this 
pocket has the advantage that they are fastened between layers of a transparent 
tissue. Of 7 autotransplants made in this manner, 6 grew progressively. Similarly 
when homotransplants were made into 42 non-tumor-bearing recipients 64 per cent 
grew well. The corneal transplants became vascularized promptly and grew ex- 
pansively, at approximately the same rate as those in the anterior chambers. Within 
less than 2 months a compact mass of tumor greatly distended the cornea, pushing 
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its outer layer forward. The growing mass achieved room by further splitting of 
the corneal layers. With maximal distention of the cornea, growth became slow or 
ceased entirely. 

Repeated attempts to transplant the catfish epithelioma into the anterior 
chamber of alien species of fish, or of frogs, were unsuccessful. Differences, how- 
ever, were noted in the local reaction of the recipients to the foreign tumor, and in the 
fate of the latter. In alien species of fish (goldfish, sunfish) implantations of the 
catfish tumor led to no exudative reaction, and the aqueous humor remained clear. 
The implants apparently survived for as long as 4 weeks. On the contrary, when 
transplants were made to members of another class, leopard frogs, an abundant 
leukocyte exudate promptly formed, and the transplants were soon devitalized and 
were resorbed entirely within 3 weeks. 

b. Mesenchymal tumors in goldfish. Less successful than the above were ex- 
periments with goldfish tumors; they nevertheless brought out points of interest 
(81). Fragments of 6 of these tumors were implanted into the subcutaneous tissue 
or into the anterior chamber of the eyes of 99 unselected goldfish. In no case was 
any growth noted in a homotransplant. 

Autotransplantation to the anterior chambers of both eyes was carried out in 4 
fish. In one of these, vigorous and prolonged growth was attained. The rate of 
growth of the transplants closely paralleled the rate of growth of the primary tumor, 
thus suggesting the existence of host factors which operate on both the primary 
tumor and the autotransplants. 

An analysis of the experiments with goldfish tumors brings out a relationship, 
long known from similar experiments on mammalian tumors. Five of the 6 goldfish 
tumors used were growing rather slowly; they showed only slight invasive properties 
and had not metastasized. Such tumors are not easily transplantable. The other 
tumor, however, was more invasive, and grew rapidly, and its autotransplants like- 
wise grew progressively. 

2. Tumors of Amphibians. Two kinds of transplantable neoplasms are at 
present known, a melanoma of the axolotl, and a carcinoma of the leopard frog. In 
addition, Gheorghiu (37) has carried a ‘tumor’ of Rana esculenia through 12 genera- 
tions. About 80 per cent of the grafts became established and grew rapidly for 
from 5 to 20 days, then ulcerated, and the frogs died probably from infection. The 
nature of this tumor is uncertain. Gheorghiu regarded it as a sarcoma, but Cramer 
(25) believed it to be an infectious granuloma. Another, but unquestionably true 
neoplasm, is the epithelioma of the newt, Triton alpestris, which was studied by the 
Champys (20); we have already discussed this tumor in connection with its possible 
viral origin. Among amphibians, tumors which did not prove transplantable are: 
adenomas of the skin of an unnamed species of frog reported in 1868 by Eberth (28) 
who first recorded tumors in amphibians; multiple adenomas of the skin of another 
unnamed species of frog, reported by Pentimalli (93); adenocarcinoma of the skin of 
R. esculenta, reported by Masson and Schwartz (87) and a ‘hypernephroma’ of the 
kidney in the same species, reported by Carl (19). From the descriptions, it is 
questionable whether any of these tumors were malignant. 

a. Melanotic tumor in the axolotl. The axolotl has long been a favorite animal 
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for studies on regenerative processes. The discovery of a transplantable tumor in 
the axolotl by the Brunsts (114) makes it possible to investigate simultaneously 
both regenerative and neoplastic processes. Reference has already been made to the 
hereditary basis of the neoplasm and its structural characteristics. The technique 
of transplantation is not difficult; small portions of the tumor, together with covering 
epiderm are implanted onto an area denuded of skin, or the grafts may be implanted 
into regenerating parts. The transplants are anchored into place by silk thread, 
and most of them become established. The recipients need not be genetically re- 
lated, and either gray or albino axolotls may be used. Since the tumors are black 
they contrast sharply with surrounding tissue. Hence, it is possible to observe even 
the early stages of outgrowth, when pigmented neoplastic cells creep into the neigh- 
boring tissue gradually displacing normal cells. The rate of growth of the trans- 
planted tumors is usually greater than that of the spontaneous tumors. The grafts 
may attain relatively large size and they in turn may be retransplanted. 

A similar or identical tumor cf the axolot] was studied in 1916 by Krontovsky 
(64) whose attempts to transpiant the neoplasm were unsuccessful. 

b. Frog carcinoma. The carcinoma of the kidney of the leopard frog is easily 
established in the anterior chamber of the eye. The suitability of this site for tumor 
transplantation was suggested by van Dooremaal (130) as early as 1873. (See 
Lucké and Schlumberger (77), for a historical account.) One of the advantages of 
the method is that the rate and manner of growth can be observed directly through 
the thin transparent cornea and such direct observations can be supplemented by 
photographs taken periodically, which serve as objective and permanent records. 
There is at present no other method which permits such continuous observation of a 
living tumor, and which gives as vivid and three-dimensiona] a picture of the growing 
mass. Another advantage is that the ocular fluids have a high degree of tolerance for 
heterologous tumor grafts. Systematic studies using this technique have been made 
by Greene (45) on various tumors of warm-blooded animais, and by Lucké and 
Schlumberger (77, 78, 80) on tumors of cold-blooded vertebrates. 

The technique of implanting tumor fragments is simple. Using aseptic precau- 
tions, an incision 2 to 3 mm. in length is made along the upper border of the sclero- 
corneal junction, care being taken not to cut into the iris and thus bring about 
bleeding. Through the incision small bits of tumor, 1 to 2 mm. in diameter, are 
introduced by means of a finely pointed forceps; the transplant is then moved to any 
desired part of the chamber by gently stroking the surface of the cornea with a rod. 

On the average, over 50 per cent of the initial transplants of a renal carcinoma 
of the frog grow readily. Occasionally such a tumor is found to be non-transplant- 
able. Within a week, usually, the transplants become attached to the iris, lens, or 
more rarely to the cornea. The pale color of the tumor contrasts sharply with the 
‘dark background furnished by the iris. Even before growth becomes evident, there 

js a distinct difference between those transplants which will persist and those which 
»will regress, the former remain translucent, the latter become opaque. In general, 
\growth follows a similar pattern, which is independent of tumor strain or of the 
external temperature. A variable lag period, usually lasting 5 to ro days, is followed 
by a period of gradual outgrowth from the implant. Growth thereupon proceeds 
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at a rapid rate until most of the anterior chamber is filled, after which the increments 
become smaller and smaller. When the transplanted tumor has attained consider- 
able size, it may extend into the posterior chamber of the eye. The iris is frequently 
invaded, but extraocular extension rarely occurs in transplants of the first generation. 
The relatively small and confined space in the anterior chamber and the progressive 
increase in intraocular pressure with resulting circulatory disturbances seem to limit 
the size the tumor may attain. Once its nutritional requirements are exceeded it 
gradually undergoes fibrosis or regression. When the transplanted tumor extends 
into the vitreous, or is implanted there, the growth attains much greater mass. 

1) HETEROTRANSPLANTATION OF FROG CARCINOMA. ‘Transplantation to foreign 
hosts has been investigated (78) by planting the tumor into the anterior chamber of 
two other species, belonging to the same family of frogs (the green frog, R. clamitans 
and the bull-frog, R. calesbiana), to a species belonging to a different family (the 
toad, Bufo americanus), and to animals belonging to different classes of cold-blooded 
vertebrates (goldfish, alligator). In the eye of frogs of alien species, the kidney 
carcinoma becomes as readily established as in the eye of the natural host. The 
rate at which growth progresses in these alien hosts is not notably different from that 
in leopard frogs. In toads, the proportion of successful transplants is somewhat 
less, but the character and rate of growth is practically the same as in the homologous 
species. It is possible to engraft the tumor, first, in the eye of the natural host and 
then to transplant it to the eye of an alien species, and finally to retransplant it to 
the original species. In this way the tumor has been propagated for 443 days. 
Similarly, tissue from leopard frog carcinoma grown in vitro grew progressively in the 
eye of a bull-frog. In contrast, no progressive growth of frog carcinoma occurred in 
fishes or reptiles, although in the former the implants survive for long periods, and a 
few mitoses, denoting continued proliferation, have been found 134 days after trans- 
plantation. In alligators, the transplants usually regress within 30 days. In both 
fishes and reptiles, the implants call forth a prompt exudative reaction and the 
aqueous humor becomes cloudy. Wandering cells accumulate around the tumor 
within 24 hours. It is not known whether the more rapid destruction of the am- 
phibian tumors in alligators is to be attributed to a greater degree of specific incom- 
patibility than exists in fish, or whether it is due to nonspecific factors, such as varia- 
tion in osmotic pressure. 

2) SERIAL INTRAOCULAR TRANSPLANTATION OF FROG CARCINOMA. The studies 
discussed above have been based largely upon intraocular transplants during their 
first generation, i.e., transplants taken directly from primary kidney tumors. In 
other experiments it was found possible to maintain the frog carcinoma successfully 
in the anterior chamber of the eye through 14 serial generations over a period of two 
years and three months (112). Repeated transfer and prolonged maintenance in 
the anterior chamber did not affect either rate of vascularization, rate of growth, or ( 
the size the tumors attained. It did, however, affect the incidence of successful” 
transplants and their capacity to invade. In the first generation the tumor grew in 
only one of 10 frogs inoculated. When the successful transplant had filled the an- 
terior chamber and bits of it were retransplanted, 4 out of 5 of these transplants 
became established and in the next generation 6 out of 7 grew. In the fourth gen- 


‘ 
4 


110 BALDUIN LUCKE AND H. G. SCHLUMBERGER Volume 2, 


eration the incidence of successful transplants rose to 100 per cent, and was main- 
tained at this level during all succeeding generations. 

The most conspicuous effect of serial transplantations was an increase in the 
ability of the growing tumor grafts to invade and destroy adjacent tissue. In the 
first few generations the tumors usually invade only the loose and spongy iris, whereas 
the hardy, unyielding cornea offers an effective barrier to invasion. Upon continued 
transfer, however, corneal invasion with erosion and extraocular extension of tumor 
became common. Thus, in the first 7 generations corneal invasion and perforation 
occurred irregularly and affected only 12.6 per cent of the animals, whereas in each 
of the following 7 generations it was frequently observed and the incidence rose to 
44.8 per cent. 

In another series of experiments the behavior of metastatic tumors was inves- 
tigated by serial transplantation through 5 generations (385 days). It was thought 
, that perhaps such tumors, having already established themselves in a tissue alien to 
that of their origin, would grow more luxuriantly than primary tumors. This did 
not prove to be the case. In the same environment, the aqueous humor, the growth 
of metastatic tumors was quite similar to that of primary tumors. 

3) TRANSPLANTATION OF FROG CARCINOMA TO TADPOLES. Briggs (16, 18) has 
studied the behavior of this tumor by implanting it into various sites in tadpoles, 
that is to say, into an environment where the mechanisms for controlling growth and 
morphogenesis are more active than they are in the adult animal. He found that 
the larval environment neither inhibited the growth nor altered the structure of the 
implanted tumor. Successful transplantation was accomplished in approximately 
23 per cent of 163 tadpoles. Minute implants often grew to large size in the sites 
selected, namely subcutaneous tissue of trunk, mesenchyme of dorsal tail fins, 
perirenal tissue, the liver, and the body cavity. It was not possible to observe the 
effects of metamorphosis of the tadpoles on the tumors in all of the implantation sites, 
for tadpoles with implants in the liver and body cavity were-sacrificed earlier. But 
of 17 grafts in the subcutaneous tissue, 10 survived metamorphosis unaltered by this 
process. 

The implants in the tail fin grew well in young tadpoles, but regressed rapidly 
as the tadpoles approached metamorphosis. Regression was associated with an 
accumulation around the tumors of spindle-shaped mesenchymal cells, and occasion- 
ally of small round cells. This cellular reaction was independent of the processes 
responsible for metamorphosis, for it was equally prominent in ‘permanent’ tadpoles, 
i.e., non-metamorphosing, thyroidectomized and hypophysectomized individuals. 
The mechanisms inciting the cellular reaction which seems to bring about regression 
are as yet unknown. Briggs observed two exceptional instances in which the car- 
cinoma implants in the tail failed to regress and grew to relatively large sizes. 
One tumor (which is shown in photographs) grew steadily in a hypophysectomized 
tadpole, and had increased approximately 110,000 times in mass before the death of 
the host. The other persistent implant was in a normal tadpole. The tumor 
survived metamorphosis and grew an additional 75 days, when the frog died. This 
latter case is of particular interest as it supplies additional evidence in support of the 
belief that factors which bring about metamorphic absorption of the tail tissues exert 
no deleterious influence on the implanted tumors. 
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Studies such as those of Briggs may be expected to give valuable information 
on the cellular factors concerned in the regression of tumors. 

4) TRANSPLANTATION OF FROG CARCINOMA TO NEWTS. Rose and Wallingford 
(104) have reported successful transplantation of the frog carcinoma to the forelimb 
of the newt, Triturus viridescens. Upon amputation of the limb through the im- 
planted tumors, the authors observed changes which they interpret as differentiation 
of neoplastic cells to normal cells. If these experiments were confirmed they would 
be of great significance. Our own attempts to transplant frog tumors to newts have 
been unsuccessful. 

c. Tumors in repliles. Few attempts have been made to transplant reptilian 
tumors; all have been unsuccessful, perhaps because of inadequate methods or un- 
suitable hosts. We ourselves have tried to transplant a carcinoma ofa large lizard, 
Tupinambis nigropunctaius and melanomas of two pythons, Python reticulalus. The 
lizard tumor was a squamous cell carcinoma which arose in the buccal cavity. Ap- 
proximately one year later a similar growth developed nearby. Both tumors were 
repeatedly excised but promptly recurred. Since no lizards of this variety were 
available, bits of the tumors were transplanted to the gums of four alligators and to 
the subcutaneous tissue of 23 lizards of 3 different varieties. None of the grafts 
grew. Similar negative results followed attempted transplantation into the anterior 
chamber of the eye of 9 alligators, 6 chicks, 12 adult chickens and a number of other 
animals. 

The first of the reptilian melanomas occurred in a huge python which had a large 
rapidly growing tumor on the lateral surface of the body. The growth became 
ulcerated and the animal was destroyed. At autopsy several metastases were found 
in the internal organs. In view of the successful transplantation of mammalian 
tumors to the yolk sac of chick embryos, it was thought possible to use this technique 
for the reptilian tumor (123). The finely minced melanoma was inoculated into the 
yolk sac or onto the chorio-allantoic membrane of 80 chick embryos. All died 
within 48 hours after inoculation. In some, death was the result of bacterial infec- 
tion, in others no infection was present but the snake tissue appeared to be toxic 
to the embryo. The second melanoma which we attempted to transplant occurred 
as multiple primary growths in the same species of python, and probably had not 
attained malignancy. Intraocular transplants were made in 7 alligators, 1 turtle, 
and 18 frogs. None of the grafts became established and all were resorbed within 
3 to 4 months. 


Explantation 


It is generally accepted that neoplasms can be more readily grown in vitro than 
their homologous normal adult tissues. The two tumors of cold-blooded vertebrates 
which have been studied successfully in tissue culture conform to this rule. 

1. Melanoma of Hybrid Killifishes. Grand, Gordon and Cameron (44) have 
shown that these tumors grow readily in a mixture of chicken-plasma, fish-serum and 
chick embryo extract. In the early stage of melanosis, outgrowths from explants 
are scanty, whereas cultures of fully developed tumors grow luxuriantly. The pre- 
ponderant and characteristic cell type are the melanoblasts and in some cultures they 
are almost the only kind of cell present. Melanophores are numerous only in cultures 
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of explants obtained during the early stages of melanosis. In cultures of melanotic 
tumors, the dominant cells are melanoblasts. Except for the occasional presence of 
melanophores, the cell types appearing in tissue culture of fish melanomas are similar 
to those from human or mouse melanomas. In all 3 species the predominant cell, 
the melanoblast, is similar in its cultural characteristics. In view of the disputed 
histogenesis of melanomas it is especially noteworthy that in all 3 species, cells 
which have the characteristics of epithelium are never observed in tissue culture 
(43). 

2. Carcinoma of the Leopard Frog. The renal adenocarcinoma of the leopard 
frog may be cultured readily in media containing diluted chicken plasma and frog 
plasma (74). In comparison with their homologues, the carcinoma cells are con- 
siderably larger and more variable. Their cytoplasm is less transparent, somewhat 
dense, and more apt to contain an abundance of fine granules. The nucleus is usually 
more sharply outlined, larger and less uniform in size than in normal cells. The 
nucleoplasm is so coarsely granular as to suggest early prophase of mitosis. The 
nucleoli are conspicuous and may attain very large size. Mitochondria are abundant, 
and radiate as long coarse filaments from the central] region to the periphery. When 
cells are viewed under favorable conditions, a conspicuous centrosphere may be seen. 
The centrosphere and the adjacent nucleus are surrounded by a ring of granules and 
fine fat droplets. The number of mitoses observed varies in cultures from the same 
tumor, possible because of the periodic occurrence of cell division. The chromo- 
somes, as in amphibian cells generally, are large, and where the number can be 
counted, 26 are found. 

The cells growing out from the explants do not develop intranuclear inclusions, 
even though the latter may be abundant and persist in the original fragment used for 
explantation. 

At the margin of the outgrowths, cells often become detached from their fellows, 
and exhibit active, though slow and ponderous locomotion, by means of broad 
ruffled pseudopodia. The rate of locomotion is accelerated by an increase in en- 
vironmental temperature. 

The various characteristics remain unaltered in subcultures maintained for as 
long as 6 months, i.e., the frog carcinoma cells, like malignant mammalian cells, are 
permanently altered and do not revert to normal type during cultivation. 

The frog carcinoma is a transmissible disease due to an agent which induces 
inclusion bodies, and which has other attributes indicating that it is a virus. The 
general correspondence in character between its cells and malignant cells of mamma- 
lian tumors of diverse origin suggest that neoplastic phenomena are essentially 
alike no matter in what group of animals they occur or what their causal factors may 
be. The large size of cells, and the prominence of the intracellular structures, make 
this tumor favorable material for cytological studies. 


Morphogenesis 


The characteristics of cancer growth have hitherto been studied chiefly by 
histologic methods, that is in fixed, sectioned, and stained material. But neoplastic 
growth, like normal growth, is dynamic, not static. Neither the dynamics nor the 
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mechanics of growth can be investigated adequately by histologic methods. Rather, 
growth should be studied by techniques that permit continued observation of the 
living tumor. By transplanting small bits of tumors into the anterior chamber of 
the eye and observing them with the slit-lamp microscope, or a similar device, the 
manner of growth of living cells may be observed by direct examination. The 
carcinoma of the kidney of the leopard frog has proven particularly suitable for this 
purpose. In the anterior chamber, details of form in the growing tumor can be 
observed with ease, and can be recorded by photographs from the earliest tothe most 
advanced stages (77). — 
1. Manner of Growth of Intraocular Transplants of Frog Carcinoma. It will 
be recalled that the anterior chamber is a cavity filled with a transparent fluid, the 
aqueous humor, and bounded by tissues some of which are firm and relatively un- 
yielding, cornea and lens, whereas the iris is softand spongy. The bits of tumors 
implanted into this chamber were from large invasive adenocarcinomas; they in- 
variably developed according to definite and well-defined growth patterns, their 
type depending on the immediate physical environment. Three such morphogenetic 
patterns were recognized (77). 
If the outgrowths from the cancer extended into the anterior chamber of the 
eye where they were completely surrounded by fluid medium and unimpeded by 
solid tissue, the cells formed tubular or cylindrical structures. First, small hemis- 
pherical buds of cells formed at the free surface of the transplant; these buds gradually 
elongated to solid, straight, later slightly bent, cylinders with bulbous ends. With 
elongation, most of them acquired a central lumen containing fluid. The cylinders 
which now had become tubules, with still further accumulation of fluid, became 
cystic. They increased in complexity by repeated dichotomous branching and sac- 
like outpouching. In the longer tubules, local dilatations alternated with constric- 
tions which gave them an unduloid shape. 

If no lumen was acquired, a fibrovascular stalk gradually pushed into the 
cylindrical. cell mass, which thus became a papillary projection. Such stalks were 
always derived from the tissue of the host and usually remained quite delicate, each 
consisting of a thin-walled vessel with very scanty stromal support. 

The cylindrical form of growth persisted unless the proliferating cells made con- 
tact with a firm surface. When that happened, a striking change took place; the 
outgrowths adhered to the solid tissue and spread over the supporting surface as 
sheets of cells, that is to say, they now formed membranes instead of tubules. A 
membranous growth developed under two conditions: when the tip or margin of a 
free projection reached the lens or the cornea, or when the cells made contact with 
solid surfaces as soon as outgrowth began. Once membranous growth had started, 
it tended to spread laterally as long as the creeping cells met no obstacle. Where the 
cells had proliferated excessively or where they encountered irregularities in the 
surface, they became heaped up and protruded into the cavity as new cylinders. 

A third type of growth was observed when the proliferating cell mass, either 
membranous or cylindrical, pushed into the loose tissue of the iris. Then the tumor 
reverted to the adenocarcinomatous form which it had in the kidney. Within the 
clefts of the tissue the invading cells became arranged as spheres or cylinders, usually 
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with a definite lumen, and always supported externally by a stroma. Invasion of 
the tissue also brought about a change in cellular polarity, for cell surfaces formerly 
directed outward now were turned inward. This change in polarity may be likened 
to turning the fingers of a glove inside out. 

Thus it may be concluded that the form assumed by growing tumors is greatly 
influenced by the structures with which they come in contact. Evidently neoplasms 
are more responsible to laws that govern growth and organization than is generally 
recognized. These investigations of the growth patterns of living tumors support 
conclusions drawn from studies of human and other mammalian tumors based on 
histologic and reconstruction methods; references to the pertinent literature are 
given by Foulds (33). In seeking an explanation for the observed facts, it appears 
very probable that the factors that determine the patterns of growth are mainly 
surface forces. There is no doubt, however, that other factors, genetic as well as 
physico-chemical, collaborate in determining form (75, 128, 131). 

2. Manner of Growth of Frog Carcinoma in Tissue Culture. Another method 
which permits further analysis of the mechanism of growth is tissue culture, which 
has much in common with the method of transplantation to the anterior chamber of 
theeye. In both methods, tissue is placed in a clear medium which is confined within 
a transparent chamber; nutrition and metabolic exchange of the implant are carried 
out, during the earlier stages at least, solely by diffusion; that is to say, without a 
blood supply; both methods permit direct and continuous observation of living tissue, 
but each has certain advantages which render it complementary to the other. 

As already stated, this carcinoma may be cultivated in a plasma medium (74). 
Within a day, bud-like projections form and promptly grow out into the medium: 
they are sufficiently translucent to show details of component cells. With further 
growth, the projections elongate and acquire definite cylindrical shape. Lumens 
are not usually formed, nor do the cylinders ever acquire a fibrous core. The length 
which the outgrowths attain varies considerably, but many cylinders extend for a 
distance of about 5 times their diameter. When the growing cylinders make contact 
with the surface of the glass the character of growth changes entirely. At the point 
of contact the hitherto sharp contours of the cylinders become lost, and, within a 
few hours, proliferating cells burst forth and spread out over the surface of the glass 
as thin fan-shaped membranes. These gradually fuse with similar outgrowths 
until the explant is completely surrounded by a flat membrane. Where the margin 
of the explant comes in immediate contact with glass, the outgrowths are membranous 
from the beginning. Further growth is largely a repetition of the events described. 
From the periphery new cylinders continue to grow out into the plasma, but the 
cylindrical shape is always lost and membranes are always formed where contact 
is made with a solid surface. 

The manner of growth in vitro is found to resemble closely the growth of trans- 
plants in the anterior chamber of the living eye, thus suggesting that in each instance 
the form which growth assumes is determined by the same morphogenetic factors, 
i.e., those inherent in the cells themselves and those largely dependent on the physical 
environment. 

3. Development of Apposition Tumors in Catfish. Catfish with epithelioma of the 
lip or buccal mucosa develop a new tumor in direct apposition to the primary growths. 
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This occurs so frequently that it has been possible to study the beginning and further 
growth of these tumors by direct microscopic observation of the mucosal surfaces 
(80). The earliest visible evidence of neoplastic change is the establishment of a 
patch of intense hyperemia in that region of the mucosal surface which later becomes 
the site of epithelial proliferation. This occurs at a time when the mucosal surface 
is still entirely smooth. Approximately 2 weeks after the beginning of hyperemia, 
the mucosa begins to thicken and becomes slightly elevated. Within 1 or 2 months 
the loca] thickening progresses to the formation of a definite tumor. 

Study of the hyperemic patch shows that profound alterations of the blood 
vessels accompany the development of the neoplasms. The vessels are greatly 
dilated and form an irregular wide-meshed anastomosing net, in sharp contrast to 
the uniform, small capillary loops of the adjacent normal mucosa. The caliber of 
the vessels in the neoplastic zone is variable and many have dilated bulbous expan- 
sions. The walls of the vascular channels are atypical, some are very thick, while 
others are extremely delicate. In spite of the abnormality of the vessels, blood flows 
through them swiftly. With the gradual thickening of the mucosa, the vascular 
pattern becomes obscured, preventing direct observation. 

The relation of blood vessels to tumor growth is of importance but has not 
received much attention. As long ago as 1865 Thiersch (126), through injection of 
numerous human skin cancers, recognized that the vascularity of the early tumors is 
greatly increased over that of normal skin. Later, Boll (10), from a study of early 
epitheliomas and of the growing edges of such tumors, concluded that changes in 
the blood vessels determine the proliferation of the epithelium. In experimental 
tumors, Goldmann (38) noted profound vascular reactions at the onset of epithelial 
proliferation. Shope (116) reported that in infectious papillomatosis of rabbits, the 
subcutaneous tissue underlying the warts exhibits an enormously increased blood 
supply. Pertinent to this subject is the marked hyperemia which develops in a 
localized area on the floor of the mouth of brook trout as the first macroscopic evi- 
dence of hyperplasia or ‘carcinoma’ of the thyroid (36, 86). For other studies on 
vascular responses to tumors, see the following references: 1, 2, 24, 55. 

The significance of the vascular changes which precede neoplastic growth has 
not as yet been elucidated. The catfish epithelioma appears to be favorable material 
for such investigation in the living animal. 


Effect of Temperature 


It is an established fact that normal growth and development are influenced by 
temperature not only quantitatively but qualitatively (6,128,131). While the most 
obvious effect is on rate of growth, temperature also has a differential effect, for 
temperature does not influence all processes alike. Some may be accelerated, others 
retarded. 

For studying the effects of temperature on cancer, the frog carcinoma is very 
suitable. Since the temperature of this animal is practically that of the environment 
(as was repeatedly demonstrated by thermocouple measurements) we have an 
opportunity to investigate the effects of temperature on neoplasia over a far wider 
range than would be possible in warm-blooded animals. 


1. Effect of Temperature on Manner and Rate of Growth of Intraocular Tumor 
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Transplants. Several related groups of experiments were designed in which the 
influence of temperature was investigated by direct microscopic examination of 
intraocular transplants (79). 

In the first series of experiments, the frogs, immediately after inoculation, were 
transferred to a constant temperature room at 7° C., and compared with groups kept 
in the vivarium at 22° C.; that is to say, at approximately room temperature. They 
were observed for periods of 2 tog months. It was found that tumors were able to 
establish themselves and grow at both temperatures. The main difference was in 
the rate of growth, this being much slower at the lower temperature. At 7° there was 
slow but continued outgrowth of cylinders or tubules which usually remained short 
and stubby and the size of the transplants increased very gradually. In contrast, 
at 22° growth was more rapid and the size attained was much larger. A further 
difference was the earlier and more effective vascularization of the implanted tumors 
in the group at 22°; this, in turn, was associated with more massive tumor growth. 

In the second group of experiments, the effect of much higher temperature, 28° 
C., was compared with the low temperature of 7°. Now, certain effects of tempera- 
ture became strikingly evident. For example, at the higher temperature the tubular 
outgrowths frequently became dilated and formed cysts, whereas these were rarely 
found in the ‘cold’ group. In all groups, growth of tumors continued, again at a 
slower rate at the lower temperature. But, though the initial rate of growth was 
greater at the higher temperature, growth retarding factors also came into play much 
sooner. Regression of tumors occurred in a higher proportion at 28° C. than at the 
lower temperature. 

In the next group, the effects of temperature upon well established, large, 
vascularized tumors were investigated. When frogs with such tumors were trans- 
ferred from the vivarium to the cold room, the growth of tumors was also greatly 
retarded. 

In a final group of experiments, the effects of natural hibernation were observed. 
After inoculation, frogs were transferred to suitable cages in an outdoor pool just 
before ice formed on the surface. The frogs remained submerged in a condition of 
hibernation at approximately 4° C. for 10 weeks during which the ice persisted. 
The frogs were then removed and examined. Practically all of the implanted tumors 
were found to be viable as evidenced by their translucent appearance, but there was 
no definite evidence of growth. The animals were then placed in the vivarium at 
20°, at which temperature active growth soon began and continued at the usual 
rate. 

The most striking effect observed in these experiments is the acceleration in the 
rate of growth of the tumor at higher temperature, and retardation at lower. The 
ultimate size attained within periods averaging 3 months is regularly much greater at 
higher temperature. Also, the character of growth is quite different. At high 
temperature, there is a greater vascularization, and the tumors form long, branching, 
tubular outgrowths and cysts, whereas at low temperature the outgrowths are short 
and stubby and cysts are rare. 

2. Induction of Metastasis of Frog Carcinoma by Increase in Environmental 
Temperature. Metastasis signifies the successful transplantation within the host, 
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by ‘natural’ means, of bits of detached tumor to tissues or organs alien to the site of 
origin. Information concerning the mechanisms concerned in this process is meager 
(132). It is known that at least 3 steps are involved in the formation of a metastatic 
tumor: initially, invasion of tissues (including vascular channels and body cavities) ; 
next, transport of detached bits, and their mechanical arrest; finally, growth of these 
arrested fragments and acquisition of a vascular stroma. In frog carcinoma,some 
of these sequential events are profoundly affected by temperature. It has been 
shown, first, that invasiveness of intraocular transplants becomes enhanced with 
increase of environmental temperature (79). Invasiveness itself, according to 
studies by Coman (23), and by McCutcheon, Coman and Moore (83), depends to a 
considerable extent upon decreased mutual adhesiveness of malignant cells, thus 
facilitating their detachment from each other, whereby they are enabled to wander 
into the surrounding tissue. In tissue cultures of frog carcinoma, elevation of tem- 
perature causes not only more ready detachment of cells from the margin of the 
outgrowth, but an increased rate of locomotion of the separated cells (82). Hence, 
the likelihood of tumor cells entering preformed channels in which they may be pas- 
sively transported is increased. But such emboli do not of themselves constitute 
metastases, since most of them are probably killed (82, 132, 133). In order to form 
secondary tumors there must take place growth of the tumor cells, invasion of 
adjacent tissue (which itself must afford a suitable soil), and acquisition of a vascular 
supply. All these events appear to be favored by increase of temperature. 

It seemed likely, therefore, that metastasis of frog carcinoma might be induced 
by increasing the environmental temperature for a sufficient length of time. This 
proved to be the case (82). When tumor-bearing frogs were maintained for ap- 
proximately 50 days at a constant temperature of 28°, metastatic dissemination 
developed in 54 per cent of the animals, whereas only 6 per cent of frogs kept at 7° 
or 18° were found to have secondary growths. Moreover, at elevated temperatures 
the metastases were usually more numerous and more widely disseminated. They 
were also of fairly uniform size, suggesting that they had developed at nearly the 
same time. In some animals, the liver and lung particularly were so riddled with 
secondary tumors that the organs were almost completely replaced. Such extensive 
involvement has seldom been encountered by us in recently caught frogs, or in frogs 
maintained under fairly natural conditions of environmental temperatures. Dis- 
semination of the tumors was influenced by the nutritional state of the frogs, occur- 
ring more readily in well nourished than in poorly nourished animals. This fact sug- 
gests that host factors play an important part in the evolution of a metastatic tumor. 

While temperature profoundly affected the process of metastasis, under the 
conditions of the experiment, there was no significant or uniform effect on growth of 
the primary tumors in the kidney as was shown by periodic Roentgen-ray examina- 
tion. No correlation was found between change in size of the kidney tumors and 
the incidence of their metastases. Metastasis occurred, or failed to occur, irrespec- 
tive of whether the primary tumor became larger, remained stationary, or decreased 
in size. From these experiments it must not be concluded that temperature is the 
only factor concerned in the process of metastasis of a cancer in a cold-blooded ani- 
mal; doubtless a number of other factors operate. 
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Induction of Neoplasia 

1. Allempts to Induce Neoplasia by Means of Chemical Agents. The relatively 
few experiments reported in the literature are limited to one species of fish and to 
several species of amphibians. No report has been found of an attempt to induce 
tumors in reptiles. 

In fish, Li and Baldwin (67) reported the development of interstitial cell tumors 
of the testicle in 3 out of 40 adult swordtails, Xiphophorus hellerii, after repeated 
retroperitoneal injections of sesame oil. In two of the fishes the tumors were re- 
garded as malignant because of their local invasiveness and the destruction of the 
surrounding gonadal tissue. In the third fish, small nodules composed of interstitial 
cells were present, but these nodules were thought to represent a hyperplastic rather 
than a neoplastic process. Further work is required before the nature of these 
testicular tumors can properly be evaluated. It should be pointed out that sesame 
oil, especially if overheated, has been found to be carcinogenic for mice (121). 

In amphibians one of the earliest experiments is that of Champy and Vasiliu 
(21) who attempted without success to induce tumors in the newt (Triton cristatus) 
by painting the skin with tar. Similar experiments by Martella (84) using the same 
species were likewise unsuccessful; ulcers and cachexia developed but there was no 
sign of neoplastic growth. More recently Duran-Reynals (27) injected dibenzan- 
thracene (dissolved in lard) in the muscles of 18 newts (Triturus pyrrhogaster and 
Triturus viridens). Of these only 4 survived for more than 2 months; none of them 
developed tumors. Koch, Schreiber and Schreiber (61) have claimed some success 
after repeated subcutaneous injection of tar or of benzyprene (dissolved in olive oil) 
into the 31 newts (7. cristatus and T. taeniatus). They observed proliferation of 
cells around the injection sites, epithelial hyperplasia, and in one animal, nodules in 
the heart and lung. No satisfactory evidence for actual neoplastic development is 
presented. Hellmich (53) injected Sudan III subcutaneously into a salamander, 
Amblystoma tigrinum and 3 newts, T. cristatus, and reported the development of a 
‘preblastomatous process’ in one of the newts. Russian workers have been most 
active in this field of investigation. The pertinent literature is given in a recent 
paper by Finkelstein (32). In his own experiments, 200 axolotls received 3 subcu- 
taneous injections of methylcholanthrene (in sunflower-seed oil) in the hind leg or 
in the dorsal fin. With this carcinogen Finkelstein had obtained various kinds of 
malignant growths in mice. The results in the axolotls were entirely different. 
After a period of 1 year, only 4 of the animals exhibited some type of proliferative 
reaction, namely, intense multiplication of endothelial cells in 3, and marked pro- 
liferation of the germinal layer of the epiderm in 2 of the axolotls. The proliferating 
epithelial cells permeated the corium and the tissues of the fins. But the hyperplas- 
tic cells were not atypical either in structure or in the character of their mitoses, 
and there was no destruction of the invaded fin. Finkelstein remarks that his re- 
sults were similar to those of Fedotov who injected a number of axolotls subcutane- 
ously with 1:2:5:6 dibenzanthracene and 9:10 dimethyl—r1:2 benzanthracene. 
Only proliferation of the epiderm resulted, similar to that which occurred after the 


5 We owe the translation of this paper and of Schroeders’ article (113) to the courtesy of the 
Army Medical Library. 
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introduction of cartilage, or of the products of its hydrolysis. It is very doubtful, 
therefore, whether the proliferative changes observed can be considered neoplastic. 

More difficult to interpret are the experiments reported by Shevchenko (115), 
who introduced crystals of methylcholanthrene into the leg muscles of axolotls. 
Shortly afterward the crystals were surrounded by foci of proliferating fibroblasts. 
Growth was slow, but finally the proliferating cell mass invaded muscles and bone. 
The author regarded this as evidence of neoplastic transformation, and termed the 
lesion ‘spindle-cell sarcoma’. 

Of considerable interest is the report of Tokin (129), who achieved inhibition of 
regeneration by a carcinogenic substance. In his experiments he amputated the 
tarsus of 6 axolotls and 2 Amblysioma, and applied a watery solution of tar to the 
stumps. These results, if confirmed, are of importance; they apply to a field of 
research in which amphibians offer many advantages. In connection with Tokin’s 
work, the papers by Haddow and others (4, 47, 48, 50, 51, 120) on growth inhibition 
by carcinogenic agents should be consulted. Experiments of this nature have led 
Haddow to the formulation of an interesting hypothesis concerning the nature of 
neoplasia. 

Turning now to experiments on anura (tailless amphibians), Duran-Reynals 
(27) injected the thigh muscles of 261 frogs belonging to 3 species with varying 
amounts of dibenzanthracene, benzpyrene and methylcholanthrene (in lard or in 
colloidal suspension). The animals were maintained under different conditions of 
temperature. All but 7 died within 4 months after injection. None of the frogs 
developed tumors at the site of injection. Since leopard frogs, the species chiefly 
employed in his experiments, are frequently afflicted with a renal carcinoma which 
is probably caused by a virus, special attention was paid to the incidence of this 
tumor because of the possibility that the carcinogens might activate a dormant 
virus. However, no difference in the incidence of kidney tumor was found between 
injected and control frogs. As Duran-Reynals points out, no conclusion with respect 
to the effect of carcinogen on virus can be drawn from these studies, for the sub- 
stances used, though actively carcinogenic in some mammals, were found to be inac- 
tive in frogs. 

Recently, Schlumberger (110) implanted crystals of methylcholanthrene di- 
rectly into the kidney of leopard frogs. The experiments had two aims; the first 
was to determine the effect of this substance when brought into intimate contact 
with a tissue which is known frequently to be the site of a carcinoma. The results 
indicated that even under these conditions the tissues of the frog fail to become 
neoplastic. The second aim was to determine whether methylcholanthrene might 
activate a carcinogenic virus in the kidney. No evidence of such activation was 
found and for the reasons given above no valid conclusions can be reached. (For 
an example of interaction between a carcinogenic virus and a chemical carcinogen, 
see the paper by Rous and Kidd (107).) 

Other experiments with negative results are those by Skapier (118) who at- 
tempted to induce carcinoma in European and North African toads by daily applica- 
tion to the skin of benzpyrene or methylcholanthrene (in oil). One hundred toads 
were used. All died within 15 to 25 days after the beginning of the experiments and 
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therefore no conclusions can be drawn. Kinosita (60) also employed toads for 
intramuscular injection of several carcinogens and no tumors developed. 

Briggs (14) introduced methylcholanthrene choleic acid into 154 young tad- 
poles. Of these only 12 retained the injected substance and in 3 of these a connec- 
tive-tissue mass formed which Briggs regarded as a tumor. The same author 
tested the effect of a water-soluble carcinogen on early frog development. Eggs of 
R. pipiens were reared in a solution of this compound, the exposure beginning one 
hour after fertilization. There was no evidence of a stimulating effect in any of the 
several concentrations used, but on the contrary, in the stronger concentrations the 
rate of development was retarded after the beginning of gastrulation. The exposure 
to the chemical had no effect on organization of the embryo, nor did any tumors 
arise (13). 

The various experiments reviewed above lead to the following conclusions. 
No convincing evidence has been produced that true neoplasia has been induced by 
any of the chemicals used in any cold-blooded vertebrate. It is therefore not possible 
to answer the question which has been raised by Needham (91), and others: “Is 
there any difference in susceptibility to cancer between urodeles which can regenerate 
lost limbs and tails so well, and anura and reptiles which have no such capacity?”’ 
Probably most of the ‘tumors’ or proliferations noted can best be interpreted as 
granulomatous masses or as non-neoplastic hyperplasia resulting from prolonged 
irritation. But it is not possible to state categorically that cold-blooded animals 
are refractory to carcinogenesis by substances which in some mammals readily 
induce tumors. In many of the experiments cited, the time between the introduction 
of the chemical agent and the examination of the animal was entirely insufficient 
to bring about neoplastic change. Moreover, no chemical has a carcinogenic effect 
in all species; it may be active in one and inactive in another closely related species 
of animal. Even in the same species success depends upon a great number of vari- 
ables. The writers of this review believe that the possiblity of inducing neoplasia 
in cold-blooded vertebrates by chemical agents has not been completely explored. 
In view of the long latent period required for the development of tumors, often one- 
sixth to one-third of the normal life-span of the animal, it is of particular importance 
in future experiments to employ species which have a relatively short life-span. 

2. Attempts to Induce Neoplasia by Means of Embryonal Tissues. Stimulated 
by Cohnheim’s hypothesis (22) that embryonic rests may become neoplastic growths, 
many early investigators tried to produce tumors by injecting fetal tissues into adult 
animals.’ Among the first to use cold-blooded vertebrates for this purpose were 
Birch-Hirschfeld and Garten (9) who in 1899 injected young salamander larvae into 
four adults. Except for a bit of cartilage found at one site of inoculation the trans- 
plants were wholly resorbed. The same procedure was carried out using tadpoles 
and adult frogs. One of the latter was subsequently found to bear a 1-2 mm. nodule 
of cartilage and a small cyst surrounded by giant cells at the site of implantation in 
the liver. A few tiny nodules of cartilage were also present in the lungs. 

In 1906, Réssle (105) ground up three-week old trout embryos and injected them 
into the coelomic cavity of a carp and into the pericardial sac and peritoneum of 


* For present day views regarding Cohnheim’s hypothesis, see Willis (133). 
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four adult trout. None of the implants grew. Subsequently Gargano (35) working 
with elasmobranch fishes implanted embryos of the dogfish (Scyllium stellare) into 
adults of another species (S. canicula) and several rays (Torpedo ocellata and T. 
marmoraia). He employed a total of 80 adults as hosts. The sites selected for 
inoculation were the subcutaneous tissue, coelom, spleen, or liver. All implants 
were rapidly resorbed. 

Renewed interest was aroused in these studies by the report of Belogolowy (7) 
that he had been successful in producing sarcomas by homo- and heterotransplan- 
tation of the blastulae and gastrulae of the frog Rana fusca and the spadefoot toad 
Pelobates fuscus. Not only were ‘sarcomas’ observed following transplantations 
between these two anuran species, but even when larvae of the latter were placed in 
the coelomic cavity of salamanders or carp such tumors developed. The neoplasms 
arose in the connective tissue surrounding nodules of cartilage or cysts lined by 
stratified epithelim that represented the farthest stage of development reached by 
the transplanted embryonic tissue. These experiments were repeated by several 
investigators (3, 8, 96, 125) all of whom failed to observe the invasive growth reported 
by Belogolowy and interpreted his findings as examples of foreign-body granulomas 
induced by the presence of the embryonic tissue. 

A number of investigators (references by Briggs, 15) have studied the abnor- 
malities, including ‘tumor-like’ growths, which occur in the course of development of 
over-ripe frogs’ eggs (i.e., eggs which have remained in the uterus for periods ranging 
from 3 to 5 days before they are fertilized). Such eggs gradually lose the capacity to 
develop into normal embryos. Together with a tendency to form monstrosities of 
various kinds, the embryos are said to exhibit neoplastic growths. Thus Witschi 
(134) states: ‘“The epiderm is thickened, consists of much enlarged cuboid cells, 
and often by a wild growth gives rise to a characteristic epithelioma.”’ He attempted 
transplantation of abnormally developed tissues to normal tadpoles and frogs. Most 
of the grafts became successfully established, and some progressed to masses which the 
author regards as malignant neoplasms. The evidence presented is not convincing. 

Briggs (15) described benign papilloma-like ectodermal growths in the small 
proportion of embryos which developed from over-ripe eggs of leopard frogs. When 
transplanted to the anterior chamber of adult frogs or to subcutaneous tissue of tad- 
poles these growths regressed. Other transplantation experiments led to an inter- 
pretation of the probable nature of the “papillomas” (17). It was possible to show 
by measurement that the growth rate of over-ripe embryos bearing these structures 
was significantly retarded, whereas the papillomas themselves grew at approximately 
the same or at a slightly slower rate than the comparable ectoderm of normal embryos. 
The papilloma may therefore be regarded as an island of ectoderm growing at a normal 
rate on a tadpole which is growing at an abnormally slow rate. If this interpreta- 
tion is correct, the papillomatous tissue should behave like normal tissue when grafted 
to normal hosts. This proved to bethecase. When transplanted to the flank of nor- 
mal tadpoles the hitherto exuberantly growing tissue became incorporated as a normal 
part of the host embryo. It was therefore concluded that the character of the papil- 
lomatous tissue is not irreversibly altered, for when placed in normal surroundings 
it again reverted to ordinary ectoderm. 
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Transplantation of fetal tissues has also been employed to study the probable 
mode of origin of teratomas. (Teratomas are neoplasms composed of multiple tis- 
sues of kinds foreign to the part in which they arise. For discussion of such tumors, 
see Willis (133) and Schlumberger (109).) These tumors, with their strange disarray 
of organoid elements, had long been regarded by some investigators as distorted 
embryos. Jacques Loeb’s (68) induction of parthenogenetic development of sea 
urchin eggs was widely regarded as lending support to the belief that teratomas arise 
by parthenogenesis of germ cells. Likewise it was thought that the injection of 
whole or parts of embryos should give rise to teratoid structures. Along with other 
laboratory animals, amphibians were used in these experiments. Josephy (58) 
injected ground-up larvae of the newts, Triton palmatus and T. alpestris, into the 
coelomic cavity of adults of the same species. When the animals were killed 30 to 
50 days after inoculation ‘teratoids’ were found in nearly all of the hosts. Nodules 
up to 2 mm. in width were present, which on histological examination were found to 
contain many tissues: cartilage, muscle, blood vessels, epithelial elements that lined 
cysts, and nerve cells. 

The most comprehensive study of this kind is that of Bosaeus (11), published as 
a monograph in 1926. Using the larvae of the toad, Bufo vulgaris, and the frog, Rana 
temporaria, he employed the adults of both species as hosts for homo- and hetero- 
transplants. The larvae were intact when introduced into the hosts. The sites 
selected were the dorsal lymph sac, coelom, and ovaries. No differential effect on the 
growth of the implants in the various regions was noted. As heterotransplants 
Bosaeus injected 90 toad gastrulae and 100 newly hatched toad larvae into 19 adult 
frogs. Similarly, he inoculated 220 frog blastulae into 22 adult toads. The em- 
bryos soon became necrotic and were wholly resorbed. Granulation tissue contain- 
ing occasional giant cells was present, but no malignant change in the stroma was ob- 
served. Homotransplants were carried out using 1424 frog embryos transferred to 
169 adult frogs and 896 toad larvae inoculated into 92 adult toads. In this series 
the embryos were also often resorbed or completely necrotic. However, in about 100 
hosts there was evidence of a ‘take’, with some further development of the implant. 
Subsequently the embryos, vascularized by the host, underwent complete disorgan- 
ization and were converted from independent organisms into poorly differentiated 
polycystic structures. 

Bosaeus believed that ovarian teratomas of man arise from a parthenogeneti- 
cally developing ovum. He therefore carried out a series of experiments in which 
parthenogenetic larvae were returned to the dorsal lymph sac or ovary of the female 
as autotransplants. The frog eggs were stimulated to develop by pricking with a 
needle, the toad eggs were inseminated with irradiated frog sperm. A total of 550 
embryos were obtained from 80 adult females into which they were reimplanted at 
different stages of development. In general the growth and further development of 
these emplants differed little from that of transplanted normal larvae. Unusual, 
however, was the complete lack of an inflammatory response on the part of the host. 
It is worthy of note that gonads or germ cells were not found among the transplanted 
larvae in any series of Bosaeus’ experiments. The absence of germ cells in human 
teratomas is often regarded as a deficiency that rules out the possible origin of such 
tumors from ova by parthenogenesis. 
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By cultivating the blastulae of newts in 0.35 per cent Ringer’s solution Holt- 
freter (54) induced partial exogastrulation. This resulted in the formation of a mass 
of mesentoderm attached to the caudal end of the hind gut of the larval newts. With- 
in this mass there subsequently differentiated glandular structures, muscle, bone, and 
cartilage. Holtfreter believes the result to be comparable to one of the most common 
extra-gonadal teratomas of man: viz., that of the sacrum. ‘This view cannot be 
accepted. Masses such as those produced by Holtfreter are perhaps similar to con- 
genital malformations but not to teratomas, for they fail to exhibit unrestricted 
neoplastic growth. Indeed, in none of the experiments just reviewed do the embry- 


onic-tissue transplants give evidence of the independent progressive growth char- 
acteristic of true neoplasms. 


Biochemical Studies. 


In his admirable monograph on the ‘Biochemistry of Cancer’ Greenstein (46) 
summarized the notable advances that have been made in this field. His opinion 
is: “It seems probable that a cancerous tissue can be described by a chemical pat- 
tern which is largely similar to that of nearly all other cancerous tissues regardless 
of their etiology, histogenesis, or even species wherein found.” Because of the 
ubiquity of neoplasia among vertebrates of all classes, and the close similarity 
in histologic structure and biologic behavior of structurally comparable neoplas- 
tic growths, regardless of class or species, it is desirable to extend studies of 
tumors in cold-blooded animals to an investigation of their biochemical activities. 
The only report to the present is that of Young, Breedis and Lucké (135) who studied 
the histochemical pattern of alkaline and acid phosphatase in the kidney carcinoma 
of the leopard frog. ‘These enzymes were chosen because they are known to be pres- 
ent in the normal kidney of the frog. It was the particular aim of the study to 
determine the activity of these enzymes in relation to the development and growth of 
the kidney tumor. Using a slightly modified method of Gomori (39), it was found that 
during the growth of the frog carcinoma, from minute localized nodules to large in- 
vasive and metastasizing tumors, profound changes occur in enzyme content of the 
neoplastic cells. As the tumors become larger and more aggressive, alkaline-phos- 
phatase activity diminishes and in many of the larger tumors disappears entirely. 
In contrast, acid-phosphatase activity increases until this enzyme becomes very abun- 
dant in the growing tumor. Metastases from the primary tumor, occurring relatively 
’ late in the course of neoplastic development, had a pattern of phosphatase distribu- 
tion similar to that of the larger tumors. These results led to the conclusion that the 
activity of both acid and alkaline phosphatase becomes greatly altered, the former 
notably increasing and the latter decreasing during the course of development of the 
frog carcinoma. 

The common occurrence and availability of a variety of tumors in cold-blooded 
vertebrates permit more extensive investigation of their biochemical properties. 


Thus it may be hoped to broaden the scope of knowledge concerning the general 
characteristics of neoplasia. 
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TRANSPORT OF IONS ACROSS CELLULAR MEMBRANES! 


HANS H. USSING 


From the Laboratory of Zoophystology, University of Copenhagen 
COPENHAGEN, DENMARK 


HE ABILITY TO CONCENTRATE certain substances and to expel others seems to 

be present in all living cells. Indeed, with the possible exception of certain 

intracellular parasites, no organism could exist without being able to take up 
and excrete a number of substances so as to maintain the proper conditions for the 
processes connected with life. 


Although most biologists probably have a rather clear idea of the meaning of ‘transport’ or 
‘active transport,’ it may be useful to define the term in an unequivocal way. In accordance with 
Rosenberg (121), the term ‘transport’ or ‘active transport’ will be taken to mean a transfer of a sub- 
stance against a chemical potential gradient. This definition is rather narrow; for instance, cases 
where a substance is found to pass faster along the concentration gradient than would be expected 
from simple physico-chemical considerations will not be included. The definition also excludes cases 
where a substance is concentrated in a cell by being bound to some cellular constituent as is the case 
with many dyes. As regards charged particles (ions) it is logical to restrict the term ‘active trans- 
port’ to cases where the transfer takes place from a lower to a higher electrochemical potential. The 
electrochemical potentia! difference for an ion species between two dilute solutions at the same pres- 
sure is equal to RT In= + RTIn + zF(y, — ~e2) where c; and cz are the concentrations and f; and 

2 2 
f, the activity coefficients of the ion in the two media, ¥1 — y2 is the electrical potential difference 
between them, z is the valency of the ion, R is the gas constant and T the absolute temperature. As 
is well known, the activity coefficient of single ions cannot be measured; but in dilute solutions it is 
permissible to assume that the activity of an ion is only determined by its charge and the 
ionic strength of the solution, and so it is possible to compute the activity coefficient. 

The measurement of the potential difference across living membranes involves the use of liquid 
junctions, and if the solutions on the two sides of the membrane are not infinitely dilute or identical 
there will be an error due to the liquid junction potentials. If the liquid junctions are made through 
saturated KCl bridges, the junction potentials are reduced to a very small value. Nevertheless, 
this error makes liquid junctions undesirable in very precise physico-chemical work; but in most 
ordinary biological and chemical work the error due to liquid junctions is tolerated; as is well known, 
the standard methods of px and redox potential measurements make use of liquid junctions. 

The direct measurement of electrochemical potential differences in biological systems using 
electrodes which are reversible for the ion in question, is as a rule not feasible. If, for instance, one 
wishes to use silver chloride electrodes to measure the electrochemical potential difference for Cl, the 
solutions have to be saturated with silver chloride; but silver ions, even in very high dilution, are 
extremely poisonous to most living cells, so that, while avoiding a comparatively small error due to 
liquid junctions one destroys the system under observation. 


This means that we shall only speak of active transport when work has to be 
done to transfer the ion across the membrane, whether this work is used to over- 


come a potential difference, a concentration difference or a combination of both. 
This definition has the advantage that, at least theoretically, a distinction is made 


1 Part of this article was prepared while the author was visiting as a Rockefeller Fellow at the 
Radiation Laboratory and Donner Laboratory of Medical Physics, University of California, Berkeley. 
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between transported and passive ions in cases of salt transport. Ions which cross a 
membrane due to electric attraction should not be regarded as being actively trans- 
ported; the ions just move from a higher to a lower electrochemical potential al- 
though they may go from a lower toa higher concentration. Interest is thus focussed 
on the process of increasing the electrochemical potential of an ion at the expense 
of chemical energy derived from the metabolism. It may turn out later that the 
distinction between apparently transported and apparently passive ions is not justi- 
fied. Nevertheless, the successful application in recent years of the Donnan prin- 
ciple on the distribution of ions between muscle and nerve cells and their surround- 
ings (9, 132, 51) has given us hope that the multitude of different ion distributions'in 
cells and organisms can be traced back to a finite number of more or less well defined 
transport processes involving a small number of ions. 

Within the limits of a review article it would be impossible to discuss all recent 
papers with a bearing on active ion transport. In itself, however, our definition of 
active transport as a transport from lower to higher electrochemical potential sug- 
gests a limitation of the discussion to such systems where the definition can be ap- 
plied. In other words, we shall have, primarily, to deal with biological systems 
where in the first place the concentrations of free ions on both sides of the membrane 
are known and where, secondly, the potential difference has been measured. More- 
over we shall include cases where the direction of the electrochemical potential gra- 
dient can be estimated indirectly. These requirements, modest as they may ap- 
pear, are only fulfilled in the case of a limited number of transporting organs, and 
mainly for monovalent inorganic ions. The transport of the divalent cations Ca**, 
Mg** and Fe** for example is hardly ripe for discussion, because these ions are largely 
present in complex form in the cells, the concentration of the free ions being low and 
mostly unknown. For similar reasons we cannot enter into a detailed discussion 
of the phosphate uptake in the cells. The concentration of free phosphate in the 
protoplasm is nearly always low relative to the concentration of phosphate esters, 
and there is always a risk of some labile phosphate ester being split during the ex- 
traction of the inorganic phosphate. Moreover phosphate may at least penetrate 
in three different forms namely as secondary and primary phosphate and as phos- 
phoric acid. The subject of phosphate transport has quite recently been discussed 
by Sacks (126, 127) and Kamen and Spiegelman (6s). 


HYPOTHESES OF ACTIVE TRANSPORT OF IONS 


Although the exact nature of the forces bringing about the transport of ions is not 
known, physico-chemical considerations show that, in many cases at least, the trans- 
port must involve chemical reactions between cell constituents and the transported 


ion. No other force possesses sufficient specificity to perform, for instance, the 


separation of Na and K ions from a mixture of these ions. This standpoint is clearly 
expressed by Spiegelman and Reiner (137). After having calculated the energy 
requirement for K accumulation and Na exclusion from a living cell they find that 
electric forces alone cannot account for the separation of K and Na whereas chemical 
reactions may easily supply the necessary energy. Recently Rosenberg (121) has 


given a theoretical treatment of the problem of active transport on a thermody- 
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namic basis. He also excludes all forces but the chemical potentials as responsible 
for the transport processes. In the case of phosphate transport, for example, it is 
easy to imagine a formation of a phosphate ester at one boundary of a cell membrane 
and the splitting of the ester at another point in the cell. As a matter of fact there 
is some evidence that phosphate is:actually taken up in muscle cells by beingesteri- 
fied with glucose (126). 

The transport and especially the separation of Na - K has given rise to omen 
speculation on account of the apparent similarity between these ions. This simi- 
larity should not be overemphasized, however. In their well-known model ex- 
periments with two aqueous phases separated by a layer of guaiacol, Osterhaut ef al. 
(103) found an accumulation of K as compared with Na, evidently due to the higher 
affinity of guaiacol for K. On the other hand, according to Hodgkin (51), the tend- 
ency of Na to combine with a lipoid carrier might conceivably be greater than that 
of K because cations give risé to covalent linkages more readily when the atomic 
number is small (133). 

If we accept the view that a chemical reaction is necessary between the ion to 
be transported and some cell constituent the general picture of the system must 
evidently be the following: 7) a carrier forming a relatively stable compound (com- 
plex) with the ion and 2) a system which can react with the complex so as to set free 
the ion, either by changing the carrier chemically or by supplying another ion which 
can replace the transported ion in the ion-carrier complex (78, 51, 150). 

In order that a net transport be brought about it is necessary that the formation 
and splitting of the complex are spatially separated. A theoretical treatment of 
some hypothetical systems of this type is given in a very interesting paper by Franck 
and Mayer (35). Their basic assumption is that a substance a is transformed into 
b in one end of a cell (the word cell is taken to mean a compartment which may be a 
cell in the morphological sense of the word or it may be part of a cell, for instance the 
cell membrane) whereas in the other end of the cell @ is again formed from } by some 
chemical reaction. This system is clearly well suited to bring about a transport of 
a. The authors point out, however, that if the diffusion coefficients of a and 6 are 
different, depending on the permeability of the cell walls, the system may perform 
active transport of a, b, the solvent or any combination of them. The calculations 
show that under favorable conditions such a system may act as a very efficient 
pump for both dissolved substances and for water. This must remind us that even 
a system capable of doing water transport would be able to carry salts from one 
place to another. Such transport would, however, lack the specificity of true ion 
transport. The system described by Franck and Mayer (35) may in short be desig- 
nated a solute circuit system because the water transport results when a solute is 
circulated in the cell. It may be of interest to compare this system with the formally 
related fluid circuit system which Ingraham, Peters and Visscher (63) proposed for 
the absorption of fluid and salt in the intestine. In this system it is the fluid which 
is assumed to be circulated so that a more concentrated solution goes in one direction 
and a less concentrated one is returned, thus bringing about a net transport of salt. 
In the original form of this hypothesis the difficulty of explaining salt transport was 
merely replaced by the difficulty of explaining transport of fluid. Later, however, 
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Ingraham and Visscher (62) suggested that the pumping action might be produced 
by anomalous osmosis (136) brought about by an electric current through the pores 
of the epithelial membrane. To bring about the electric current some ion must be 
produced at one end of the pore and be removed at the otherend. The origin of the 
transporting force is evidently the same as in the Franck and Mayer pump, but the 
anomalous osmosis hypothesis makes use of the electric rather than of the chemical 
component of the electrochemical potential difference. The formation of organic 
ions or NH; might conceivably produce the gradient required. Ingraham and 
Visscher (62) showed that NH; is indeed concentrated in the gut as compared with 
the blood. But the relation between NH; formed and salt absorbed is not a simple 
one and the authors do not consider it proven that the NH; has anything to do with 
the transport. 

Although watery solutions and organic matter are normally considered imper- 
meable to electrons, there is at least a remote possibility that systems may be set up 
in living cells which will conduct electrons over short distances (143). This pos- 
sibility serves as a basis for a transport hypothesis which has been advanced to ex- 
plain the formation of the cerebrospinal fluid (142) and the intraocular fluid (37). 
Stiehler and Flexner (142) conclude from a comparison of the concentrations of dif- 
ferent substances in blood and cerebrospinal fluid that this fluid is formed by a secre- 
tory process in the chorioid plexus. It was observed that in this organ basic dyes 
move from the stroma to the epithelium whereas acid dyes move in the opposite 
direction. This was taken to indicate that the movement of ions (and water as 
well) was brought about by an electric current. The source of the electromotive 
force for this current was supposed to be the difference in oxidation-reduction poten- 
tial between stroma and epithelium. Since the potential level (as measured by 
oxidation-reduction indicators) of the stroma is lower than that of the epithelium, 
the former might give up electrons to the latter. The electrons were assumed to 
pass from stroma to epithelium by means of reversible oxidation-reduction systems 
contained in the stromal-epithelial barrier. To maintain electro-neutrality cations 
must then move from stroma to epithelium or anions in the reverse direction. It is 
difficult to understand that the alleged electric current brings about a Na concen- 
tration in the cerebrospinal fluid which is higher than that of the plasma, whereas the 
K concentration is only 60 per cent of that of the plasma. Actually, as shown by 
Greenberg et al. (39) K penetrates more easily into the cerebrospinal fluid than does 
Na. Although the electron transfer proposed in the hypothesis may play a part, 
specific transport mechanisms are probably involved. The Stiehler and Flexner 
hypothesis implies that the difference in oxidation-reduction potential can be iden- 
tified with the electric potential difference between the two tissues. This has never 
been proved for any tissue and a priori it is not very likely. 

Lundegirdh (94) has proposed an explanation of the uptake of anions in plant 
roots which is closely related to the Stiehler-Flexner hypothesis. Lundegardh 
points out that the change of valency of the Fe ion in the hemin group of a respira- 
tory enzyme is well suited to effect an anion transport according to the scheme 
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the trivalent Fe attracting one more anion than does the bivalent Fe. The hypoth- 
esis now assumes a series of these Fe-enzyme molecules arranged across a boundary 
between two media of different redox potential and “owing to the wavelike proceeding 
oscillation of the Fe valency they will transport anions from the medium with higher 
oxidation power to the medium with lower oxidation power.’’ Whereas, granted the 
freedom of movement of electrons from one Fe to the other, such a system may trans- 
port anions, it will at the same time transport hydrogen ions. Every electron arriv- 
ing at the oxidation side means one positive charge neutralized which is practically 
identical with the disappearance of one H+. Similarly, the formation of the electron 
at the reduction side means the simultaneous formation of a hydrogen ion. Thus, 
what is transported is not simply anions as assumed in the hypothesis but anions 
plus hydrogen ions. Whether or not such a system will be suited to transport salts 
may ultimately depend on the mobilities of the different ions involved. A Teorell 
effect (147) due to back diffusion of H+ might conceivably result in the attraction of 
other cations. As a general explanation of transport processes these hypotheses 
share with other electric explanations the disadvantage of being unable to explain 
specific transport of one or few ion species. The specifically transported particles 
in the system just discussed are obviously the electron and the hydrogen ion. 


DISCRIMINATION BETWEEN ACTIVE TRANSPORT AND DIFFUSION 


Discussing the large differences in concentration of individual ions between the 
interior of living cells and the fluids surrounding them Krogh (80) writes: “... 
although permeability of the cell surface is of course a necessary corollary of the ion 
transport taking place, quantitative determinations of such permeabilities, in the 
general accepted sense of the term, can be made only by means of isotopes and even 
then require special precautions and conditions which are difficult to realize and 
verify, because the exchanges normally taking place are largely brought about by 
active transport.” This statement rightly places much importance on the use of 
tracers in the study of the relation between transport and diffusion. As a matter of 
fact, whereas even the sensitive electrometric methods had failed to reveal any per- 
meability to Na in most animal cells, the use of tracer Na has proven that the sodium 
ion can pass through practically all cell walls. But when one wants to evaluate this 
penetration in terms of active transport or diffusion he is up against considerable 
theoretical difficulty. The quantity which can be determined by adding a tracer 
at one side of a membrane and determining the rate at which tracer ions pass through 
may be designated the flux of the ion species in question (149, 150). The flux~is 
defined as the amount of a substance which per unit time passes through unit area 
of the membrane in a’given direction. If nothing else is known, however, a given. 
ion flux may be the resultant of any combination of three processes, namely: a) 
free diffusion; b) exchange diffusion (see below); c) active transport. Although the 
present article should deal with point c only, a few remarks on the two types of dif- 
fusion might be justified because the active transport may be considered as the part 
of the flux which cannot be explained as diffusion. That cell walls generally are 
permeable to free ions is shown by the fact that they are conductors to a direct 
current, even though the resistance is very high as the excellent article by Cole (14) 
points out. 
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The theory of diffusion of ions through membranes and especially through living 
membranes is in a rather undeveloped state (23). Whatever the detailed mecha- 
nism is, it is evident that the flux in either direction must be the same when the ion 
in question is present at the same electro-chemical potential on both sides of the 
membrane. if the > high K concentration in muscle and nerve cells as compared with 
influx and the K outflux through the cell membranes must be the same and this flux 
value does not, of course, measure any active transport. If there is a difference in 
electro-chemical potential for any ion across a membrane, the influx and outflux will 
be different and the proportion between them will be a simple function-of-the dif- 
ference between the electro-chemical potentials (see below). 

‘The term exchange diffusion has been introduced to cover the phenomenon 
(83, 148) that an ion species crosses a membrane by combining with some carrier 
molecule which is part of the membrane or which cannot leave the membrane due to 
a selective solubility in the membrane phase. Due to the thermal movements the 
carrier-ion complex may alternately come into contact with either solution. When 
in contact with one of the solutions the complex may exchange the bound ion against 
one from that solution; but if the carrier-ion affinity is high, the carrier will always be 
saturated with the ion in question and the same number of ions will be carried from 
left to right as from right to left. The flux of the ion, as determined by the tracer 
’ method, would be nearly the same in both directions even if there were a considerable 
difference in electro-chemical potential for the ion across the membrane. The ex- 
\ change diffusion thus simulates active transport and, as a matter of fact, both proc- 
esses are mediated through carrier systems. They differ in that exchange diffusion 
does not require work and that it cannot bring about a net transport. On the-con- 
trary, there will always be some leakage through the exchange diffusion system 
because the affinity between ion and carrier is not infinite. The rdle of exchange 
diffusion for the exchange of substances across living membranes is at present 
unknown. We know that different molecules, having approximately the same size 
permeate the cell sometimes at very different rates. According to Reiner (119) 
this may indicate that many substances flow, not as free molecules but as adsorption 
compounds: solute—colloid. Reiner also gives a mathematical treatment of dif- 
fusion in such systems. The structure suggested for the cell membrane by Lunde- 
gardh (88) would evidently lead to exchange diffusion. He assumes the membrane 
to be a Langmuir monolayer containing acid and basic groups which sometimes turn 
so that they are alternately in contact with both surfaces. 

Brooks (10) believed that the rapid passing in and out of cations as well as anions 
in Nitella should be regarded as passive exchange. But his explanation differs some- 
what from that given above. He assumed that the cell membrane possesses a mosaic 
structure so that some parts of the membrane were only permeable to anions and 
others only to cations. Such a membrane would, however, allow a leakage of posi- 
tive and negative ions simultaneously and the system would hardly give any ex-. 
change-diffusion effect. Even though the explanation given by Brooks is not en- 
tirely correct the exchange in Nitella might well be due, in part at least, to exchange 
diffusion. -The very possibility of this process.at present limits the conclusions which 
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can be drawn from tracer experiments concerning the rate of active transport and 
of true diffusion. Used with proper care, however, the isotopes have provided a 
most valuable tool for the study of transport processes. 


ACTIVE TRANSPORT OF CATIONS 


Does a K-transport Take Place in Animal Cells? Whereas a simple analysis may 
show that the ionic composition of a cell is likely to be the result of active transport, ‘it 
is far from easy to determine whether or not any specific ion species is being trans- 
ported. A good example is found in the current discussion on the reasons for the 
high K content in most living cells. It is well known for instance that muscle 
cells are permeable to K ions. Most workers seem to be of the opinion that the 
greater part of the K in the cells is free (32, 33, 9, 80). This again implies that the K 
must either be transported actively into the cells or it must be held in equilibrium 
with the outside K due to electric attraction. In recent years the view has gained 
much ground that the cellular K not only of muscle but of animal cells in general 
stands in Donnan equilibrium with the outside K. The work of Conway and col- 
laborators (9, 15, 16) has contributed much to our understanding of the ion dis- 
tribution between cells and surroundings. In its original form the theory of Boyle 
and Conway (9) explained the distribution of K and Cl as the result of a double 
Donnan equilibrium, the system containing indiffusible anions (phosphate esters and 
proteins) inside the membrane and an indiffusible cation, Na, at a high concentra- 
tion outside; K, H, Cl and a number of other small ions were free to diffuse in and 
out. The experiments of Fenn (33), Steinbach (140) and Heppel (45) show, how- 
ever, that the muscle fiber membrane is permeable to Na. Indeed, in experiments 
with rats, having an increased Na content in the muscles as the result of feeding a 
low K diet to the animals, Heppel found that injected Na* would equilibrate with 
the cellular Na within an hour, indicating a rapid Na exchange across the fiber 
membrane. Dean (27) therefore proposed to modify the Boyle-Conway theory by 
introducing the concept of a continuous extrusion of Na from the fibers by some 
pumping devise. It is obvious that the distribution of passive ions would be the 
same whether the difference in Na concentration between cells and surroundings were 
maintained due to Na impermeability or due to a constantly working active trans- 
port. Krogh (80) also strongly advocated a rapid active elimination of Na from the 
fibers, a view based on calculations indicating that Na entered the fibers faster than 
K did. Conway (15) calculated the minimum energy required for the extrusion of 
sodium from the normal frog sartorius if sodium entered as fast as potassium. The 
result was that more than the energy available from the metabolism of the resting 
muscle would be needed, so that the permeability figures for Na must be too high. 
Nevertheless Conway now admits that an active extrusion of Na from the fibers must 
take place (16). The concept of exchange diffusion, in fact, bridges the gap between 
the views of Krogh and Conway because the part of the Na influx into the fiber 
which is due to exchange diffusion does not require active extrusion. Boyle and 
Conway (9) based their theory on experiments with isolated frog sartorii and al- 
though there was a very good agreement between theory and experiments at out- 
side K concentrations exceeding about 10 mEq/1. the P.D. measured at physiological 
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K concentrations fell too low (at 5 mEqv. K/1 the P.D. was 59.4 mV. against the 
calculated 78 mV.). This apparently means that the process responsible for the 
P.D. (Na extrusion from and formation of phosphate esters in the cells) does not 
suffice to keep back the K in the cells when the proportion between inside and out- 
side K becomes too high. Graham and Gerard (38) using very fine capillary elec- 
trodes have measured the resting potential of single muscle fibers from frog sartorii. 
The values with normal K concentration in the outside solution average 62 mV. 
with some values as high as 80 mV. Although the high values would correspond to 
a Donnan equilibrium for K, most values are lower than corresponding to an equi- 
librium. This is, however, what could be expected if the fiber is slowly letting Na 
leak in while K is leaking out. It should be remembered that isolated muscles and 
fibers are not normal. It is therefore highly significant that Wilde (154, 155) has 
been able to verify Boyle and Conway’s predictions in experiments on live rats. A 
stumbling block for the acceptance of Boyle and Conway’s theory has been that it 
demands a C] concentration of the fiber water of about the same magnitude as the 
K concentration of the blood plasma. The striated muscle fibers, however, were 
considered free from chloride (33). But recently Heilbrun and Hoagland (41) found 
that the standard methods for Cl analysis on muscle gave systematically low figures. 
Wilde (154) confirmed this and worked out a more reliable C] determination. Using 
this method he succeeded in demonstrating a considerable difference between the 
Cl space of rat muscle on the one hand and the inulin and saccharose spaces on the 
other hand, indicating that part of the Cl had to be in the fiber water. Moreover 
there turned out to be a significant correlation between the concentrations of fiber 
chloride and plasma potassium. In order that the equilibrium condition (Kj) 
(Cli) = (Ko) (Clo) be fulfilled it was necessary, however, to assume the activity 
coefficient of fiber K to be only 0.55 indicating that part of the K in the fibers is 
bound. There is indeed reason to believe that part of the muscle K is bound more or 
less firmly. Some evidence was presented by Mullins (100) and Szent Gyorgyi 
(144) that the principal protein of the muscles, myosine, binds potassium specifi- 
cally. Brues, Wesson and Cohn (11) following the exchange of K in cultures of 
embryonal muscle, found that the uptake curve for isotopic K could best be ex- 
plained as the sum of three independent exchange rates which they tentatively con- 
sidered to be: 1) exchange of interspace K, 2) exchange of free K in the fiber and 3) 
exchange of bound K in the fiber. Of course these findings might be explained 
differently. The same type of uptake curve would be achieved for instance if the 
fibers consisted of two phases with different permeability; yet the assumption that 
some of the K is bound might well be correct. 

It thus appears that two factors contribute to bring about the high K concentra- 
tion of the muscle fiber, namely the Donnan equilibrium and to a lesser degree the 
specific affinity between K and myosin. There is indeed little reason for assuming 
any active transport of K into the fibers. 

A Donnan distribution of K+, Cl-, HCOz, H+, OH~ and other small ions seems to 
be realized in many animal tissues other than muscle. Shanes (132) working with 
spider crab nerves, found them to be freely permeable to KCl, but having a very 
low permeability to Na. At increased outside K concentrations the P.D. and the 
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ion distribution corresponded to the type of Donnan equilibrium described by Con- 
way ef al. for muscle. At low K concentrations, just as was the case with frog sar- 
torii, there was a marked divergence between calculated and found P.D. values. 

Hodgkin (51) found that small changes in external K concentration caused large 
and rapidly reversible changes in membrane conductance in the squid nerve fiber. 
Rb and Cs ions had a similar effect. Na and Li had to be added in 40 times higher 
molar concentration than K to bring about a similar effect. This must mean that the 
fiber membrane is much more permeable to free K ions than to free Naions. (The — 
low rate of Na penetration relative to the K penetration is also clearly seen in the 
tracer experiments performed by Rothenberg and Feld (123)). The fact that the 
outside concentration of K has such large effect on the membrane conductance was 
now used in an ingenious way to demonstrate that K is given off from nerves during 
activity and taken up again during recovery (52). ‘During the experiments the 
nerve fibers were submerged in oil; the outside water phase was thus reduced to a 
thin film where the minute amounts of K leaving or entering the fiber could bring 
about measurable concentration changes. The reabsorption of K by the nerve fiber 
is probably of electrostatic nature, however, possibly as a result of the active Na 
extrusion. 

At present there is little reason to assume any active K transportinnerve. This 
view is very clearly expressed by Hodgkin (/.c.): “It makes little difference to the 
potassium distribution whether Na is kept out by an active process or by a semi- 
permeable membrane. In either case the ratio of activity of potassium inside the 
membrane to that outside should be given by the expression e*¥/"*. The activity 
ratio could only exceed the value defined by the resting potential if active transfer of 
K took place. At present there is no clear evidence to show that the activity ratio 
does exceed this ratio, so that neglect of active transfer seems reasonable in a work- 
ing hypothesis.”’ 

Although the necessary P.D. values are not available for other cell types with high 
K and low Cl concentration it seems at present reasonable to ascribe the ionic com- 
position of these cells to a Donnan equilibrium of the type found in muscle and nerve. 
Indeed, clear-cut examples of true active transport of K in higher animals are few, 
up to the present. There is reason to believe that K can be absorbed in the gut of 
fishes to a lower concentration than that of the plasma (135). Likewise, a true K 
transport may perhaps take place in the kidney tubules. On the other hand Krogh 
was unable to find any K uptake in a number of fresh water animals (frog, goldfish 
and others) which take up Na eagerly even from exceedingly dilute solutions (79). 

Certain crabs possess the ability to take up K as well as Na from the surrounding 
water. This has been demonstrated for the wool-handed crab, Eriocheir sinensis 
(79) and the common shore crab, Carcinus maenas (129). This cation uptake which 
does not discriminate between Na and K calls for further study. Especially, it 
would be interesting to know the direction and magnitude of the electric potential 
difference across the gill epithelium of these animals during active ion uptake. 
Until such determinations are available it is impossible to decide whether a true 
transport of K (and Na) is going on or whether the salt transport is really an anion 
transport. 
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Potassium Transport in Plant Cells. Although K as well as many other cations 
are accumulated in the protoplasm and the cell sap of most plants, it is by no means 
certain that the accumulation is generally due to active K transport. In Nitella 
and Halicystis the cell sap is negative relative to the outside solution under conditions 
similar to those prevailing during the uptake process. The material at hand does 
not make it clear, however, whether the P.D. always suffices to bring about the K 
accumulation. In root tips there is likewise a potential difference between the out- 
side solution and the cut end of the root, which as to sign and magnitude would ex- 
plain the transfer of cations from the medium to the bleeding sap (Lundegirdh (91)). 

-It is important to note that the contact at the cut end of the root tip is made with 

_the bleeding sap and not with the cell sap of the epidermal cells. Therefore we can- 
not tell whether the cation accumulation in the cell sap is of passive or active nature. 
On the other hand there is often a close correlation between the cation uptake of the 
whole root tip and the P.D. (130). The cation uptake in root cells will therefore 
tentatively be discussed under the heading anion transport. 

There are, however, certain plant cells where a more or less specific K transport 
can be demonstrated. Pulver and Verzar (114, 115) found that yeast cells would 
take up K from the medium during fermentation and give up this K again at the end 
of the fermentation.? This K uptake has been studied more closely by Conway and 

‘O'Malley (19, 20, 16) and by Rothstein and Enns (122). It turned out that the K 
uptake consisted in an exchange of hydrogen ions against potassium ions. If the 
yeast cells were allowed to fermentate in an unbuffered solution containing KCl 
they would take up K and give up H until the px of the medium reached about 1.6. 
If a similar experiment was made with NaC] in the medium instead of KCl, hardly 
any Na was taken up by the yeast; and although a H* excretion was observed the 
pH of the medium was only lowered from 4 to about 3. In neither case was any Cl 
taken up by the yeast. At first Conway and O’Malley assumed the peculiar K-H 
exchange to be due to a Donnan equilibrium in analogy with conditions in animal 
cells. Later, however, they altered this view because the px of the content of the 
yeast cells was found to be much higher (5.8-6.2 in fermentating yeast) than re- 
quired by the Donnan equilibrium. The authors therefore offered the explanation 
that the cell content consisted of two regions of which the outer compartment, hav- 
ing a very acid reaction, was in Donnan equilibrium with the outside, whereas the 
rest of the cell was separated from the outer compartment by a special cation im- 
permeable membrane. Such a system would lead to K accumulation only in the 
outer compartment. As this would hardly account for all cellular K, the authors 
suggest a mechanism actively transfering one of the ions, K or Na, across the bound- 
ary between the acidic region and the rest of the cell. As yet, the region with high 
acidity has not been demonstrated directly. Whereas the process bringing about the 
forced exchange of H against K is entirely unknown, Conway and Brady (17) have 
been able to demonstrate that the H ions excreted originate from succinic acid and 
acid-labile carbon dioxide. It was found that with one part of yeast to 0.6 parts of a 


2A similar K uptake is also found in certain bacteria (84) and possibly in other micro- 
organisms (131). 
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‘gs per cent pure glucose solution, up to 0.2 per cent succinic acid was found in the sus- 


pending fluid. With KCl in the suspending fluid the amount of succinic acid found 
in the medium was much lower, but there was a corresponding accumulation of suc- 
cinate along with the K in the cells. However, the succinic acid formed did not 


account for all the H given off, the remaining part being derived from carbonic acid. 


Another spectacular case of K transport is found in the much studied marine alga 
Valonia macrophysa. Here the cell sap is positive (about 8 mV) relative to the sea 


water and despite this the K concentration of the cell sap is about 500 mEq/1 against 


12 mEq/1 in the surrounding water. The Cl concentration of the sap is also higher 
than that of the surrounding medium (597 mEq/1. against 580), but due to the P.D. 
the Cl might well be concentrated passively. . 

The rate of KCl transport into the sap of Valonia rises with increasing pH. This 
fact speaks in favor of Osterhout’s assumption that the K crosses the cell membrane 
(and the vacuolar membrane) as a complex with some organic anion; a high px fa- 
vours the complex formation. A true active transport of K is obviously at work in 
Valonia. This view is expressed by Blinks (7) as follows: ‘Thus it appears to be 
the K ion which, if not responsible for the total P. D. of Valonia, nevertheless serves 
as the electrical indicator of various processes which are probably intimately con- 
nected with the accumulation of this element.” The phosphate metabolism of 
Valonia seems to be very closely related to the K uptake. Thus Mullins (101) has 
shown that the rate of K accumulation increases whien the external pcaphate con- 


‘centration is raised. 


Active Na Transport. It has already been mentioned that an active extrusion 
of Na seems to be at work in most animal cells. In nearly all cells the Na con- 


centration is lower than that of the tissue fluid. The use of tracers has given con- 


vincing evidence that Na can pass into nearly all cell types (45, 123, 95). Therefore, 


although it may be convenient, in electrophysiological considerations for example, 


to regard the cells as Na impermeable, this is not absolutely correct and the explana- 
tion of the function of the cell is incomplete if the effect of the Na transport is not 
taken into account. 

For the following discussion of the Na transport it will be convenient to dis- 
tinguish between cells where the transport serves mainly to maintain a more or less 
constant composition of the cell and such cells where a net transport takes place 
across the cell. The transport mechanism might well be the same in both cases; 
but the difficulties facing the experimenter are much greater in the first case. 

The availability of isotopic tracers made it possible to determine the ‘flux’ of 


‘nearly all ion species across the cell membrane. In the case of muscle and nerve 


the part of the flux which is free diffusion can be shown to be very small indeed. 
Assuming the K ions to be distributed according to a Donnan equilibrium it can be 


‘shown (16, 83) that 


Myacout) Cna(i) * CK(o) 
where Myavout) 


Myarin) —Cna(o) *CK (i) 


and Myadn) denote the diffusion flux of Na outwards and inwards, respectively, and 
‘Crati), Cna(o), Ck) 2Nd Cx) denote the Na and K concentrations. The activity 
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coefficient for the monovalent ions is assumed to be the same within the fiber and 
outside; but even gross deviations from equal activity coefficient in the two phases 
cannot alter the main conclusion that the out diffusion does not contribute signif- 
icantly to the total Na outflux (c yaci) is much smaller than Cyaio) and Cx) is much 
smaller than cx); Myaout) is therefore much smaller than Mwyaciny; the total influx 
and outflux, however, are the same). But it still remains to be decided what part 
if any is played by exchange diffusion before we know the rate of active Na transport. 
Krogh’s hypothesis (80) that the Na outflux is identical with the transport is naturally 
very attractive; but in the case of muscle, Conway’s calculations (15) indicate that 
the Na extrusion must be slower than indicated by the exchange of radio sodium. 
The striated muscle presents unusually good material for deciding whether it is 
energetically possible to identify the Na flux with the transport, because the resting 
metabolism is low and the Na exchange high. This problem was the subject of 
the preliminary study by Levi and Ussing (83). The rate of Na exchange in the 
fibers was determined as follows: The isolated muscles (frogs’ sartorii) were 
equilibrated with Ringer, containing Na™ for about two hours. The process of 
washing out the Na™ was then followed over a period of several hours. The Joga- 
rithms of the counts of Na™, washed cut in equally long periods, when plotted against 
time, lie on a curve which can be resolved in two straight lines. The slopes of these 
lines are taken to indicate the rates of Na exchange between washing fluid and inter- 
spaces, and between interspaces and fibers, respectively. If this interpretation of the 
result is correct, the half renewal time of interspace Na is about two minutes whereas 
the half-renewal time for the fiber Na is about 30 minutes. Under the assumption 
that only the slowly exchanging Na is intracellular, the amount of Na leaving the 
fiber per hour can be calculated. This flux combined with the Na concentration and 
the resting potential were used for a calculation of the minimum energy required to 
expel the Na as fast as it enters, assuming no exchange diffusion. This admittedly 
rather rough estimate gives about 50 Cal/hr/kg. of muscle. - According to Conway 
(15) the resting metabolism of winter frogs’ sartorii is about 175 Cal/hr/kg. This 
means that more than 30 per cent of the energy output of the muscle would be con- 
~ sumed by the active Na extrusion even with a too per cent efficiency of the energy 
transfer from metabolic processes to active transport. 

It will thus be seen, that although the Na outflux from the fibers may still be 
considered identical with the transport, it is rather unlikely that it is so. The possi- 
bility of at least some exchange diffusion has evidently to be considered. Thus we 
are in the situation that we may have already in the isotopes the means for the 
determination of true transport rates, while on the other hand we may be far from 
that goal if the exchange diffusion turns out to be a fast process compared with the 
transport. 

Organs which are able to perform a net transport of Na ions (as a rule together with 
Cl) are widely distributed in the animal kingdom. Well-known examples are the salt 
reabsorption in the kidney tubules and in the intestine (60, 29, 30). Other examples 
are the salt secretion in the gills of the eel (68) and the salt uptake from the surround- 
ing water by a wide variety of fresh water animals (79). In most cases the transport 
seems to go in one direction only. The eel, for instance, which can excrete salt when 
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in salt water, cannot take up salt from dilute solutions (79). There are, however, 
exceptions from the rule of one-sided transport. The stickelback (Gasterosteus acu- 
leatus) which was found able to take up salt from fresh water (77) excretes salt when 
kept in sea water (42). According to Panikkar (105, 106) the brackish water prawn 
Palaemonetes varians which can live in nearly fresh water as well as in sea water is 
isotonic in water of about 2 percent NaCl. This species is practically homoiosmotic, 
the difference in its osmotic pressure over a range of 5 per cent NaCl in the external 
medium being only 0.8 to 1 per cent. As the urine of this species is nearly isotonic 
with the blood irrespective of the nature of the medium, Panikkar concludes that the 
animal must take up salt in dilute medium whereas it excretes salt (and possibly takes 
up water) in concentrated solutions. A similar ability for osmotic regulation is found 
in the pacific prawn Melapenaeus monoceros (107). 

The ability to transport salt in both directions may turn out to be quite common 
among crustaceans. Jones (64) thus found that out of nine different species of crabs 
from the west coast of North America two were able to keep up their osmotic regula- 
tion as well in dilute salt water as in salt water more concentrated than the blood of 
the animals. It has still to be found out whether the salt excretion and the salt up- 
take are performed by the same cells or whether special organs are present for the two 
processes. In most of the cases just mentioned the P.D. across the transporting cells 
has not been measured during the salt transport and therefore it is not quite certain 
whether it is the Na ion, the Cl ion or both which are transported. There is, how- 
ever, indirect evidence that a true Na transport is involved in some of the cases of salt 
transport listed above. The goldfish for example may take up Na not only from 
NaCl (NaBr) but also from dilute solutions of NaHCO; (78). The uptake of Cl is 
evidently unnecessary for the Na uptake. In one experiment with a frog it even was 
observed that the animal took up Na for a period of time while simultaneously losing 
Cl to the solution. A similar independence between Na and Cl uptake has been 
found to occur quite commonly in the axolotl when kept in dilute salt solutions (4). 

As first pointed out by Koch (71) the salt-absorbing organs in a number of 
arthropods have in common the ability to concentrate Ag ions from very dilute Ag 
salt solutions. The uptake is indicated by the blackening of the organs (anal papillae 
of mosquitoes, gills of daphnia and crayfish) performing the uptake, when exposed to 
light. If the organs are not exposed to light the Ag uptake results in the formation 
of a white precipitate in the cells which is not AgCl (Koch, personal information). In 
so far as Ag and Na are both monovalent ions which, judging from the position of the 
elements in the periodical system are related, one might assume that the Ag simply 
takes the place of Na in the transport system. Krogh (79) therefore considered it 
possible that the salt uptake through the anal papillae of the mosquito larvae was in 
fact a Na transport with the Cl ions following by electric attraction. If this theory is 
correct one would expect a competition between Ag ions and Na ions in the transport- 
ing organs. As a matter of fact Holm-Jensen (56) has found that specimens of 
Daphnia magna which were killed by Ag poisoning had a considerably reduced Na 
content; animals killed by organic poisons showed about normal Na content. Poison- 
ing with Cu++ or Hg* had the same effect as Ag on the Na content of the animals. 
The amount of heavy metal sufficient to kill the daphnia was as low as about 0.03 
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mg/l. The heavy metals only exerted their toxic effect when present as ions, so that 
complex formers like glutathione in little more than equivalent amounts would elimi- 
nate the toxicity of the metal ions. Although these experiments are in agreement 
with the hypothesis that the heavy metals block the groups which would otherwise 
bind Na, other possible explanations have to be considered. The very fact that the 
heavy metals block a number of the metabolic enzymes raises the question whether 
it is the ion carrier or the system delivering the energy which is affected. 

The salt-transporting cells of vertebrates apparently differ from those of arthro- 
pods in that they never accumulate Ag. On the other hand there are indications 
that the salt-transport mechanisms of different organs of vertebrates are related. 
The fact that the adrenal-cortex hormones influence the Na reabsorption much 
more than the Cl reabsorption in the kidneys might suggest a specific Na transport 
mechanism in the kidney tubules. The disturbance in tubular function, following 
adrenalectomy is shown by an inadequate Na reabsorption from the glomerular 
filtrate even when the concentration in the plasma is low, and secondly by the failure 
to excrete K and P at high concentrations when these ions are abnormally concen- 
trated in the blood plasma (43, 87). The normal conditions can be restored by the 
injection of cortex extracts. Hartman ef al. (44, 145) have succeeded in separating 
from the cortex extract a substance which is highly potent in its ability to cause re- 
tention of Na, but having no effect on the K excretion. It occurs in sufficient amount 
to account for the Na-retaining power of adrenal extract. An interesting point is 
that this substance binds some Na which is split off as NaCl on treatment with o.1 
normal HCl together with simultaneous loss of a considerable proportion of the po- 
tency. Although this Na binding may be coincidental it might be worth while con- 
sidering whether the Na factor of the adrenals is identical with or is part of the Na 
carrier in the Na transport system. 

The salt absorption in the gut of dogs is also impaired after adrenalectomy (31). 
The absorption of Na as well as of K and Cl falls after the operation. It is important 
to note, however, that relative to the Na uptake the K uptake is increased after the 
operation. In several cases there was even an increase in the Na content of the gut. 
The experimental conditions were such that the K concentration in the gut at the 
beginning of the experiment was always higher than that of the blood plasma, whereas 
Na was taken up against a concentration gradient. It is interesting to note that 
even the salt uptake through the skin of amphibians seems to depend on the function 
of the adrenal cortex. It has been found that commercial preparations of the pressor 
hormone from the posterior lobe of the pituitary induces an increased uptake of 
NaCl through the skin of the axolotl (3). A considerable net uptake is, as a rule, 
observed and tracer experiments show a mean of 200 per cent increase in the Na in- 
flux. Later it turned out (75) that the adrenocorticotropic hormone from ox pitui- 
taries could bring about a reaction which in all respects resembled that brought about 
by the pressor preparation. This might indicate that corticotropic hormone present 
as impurity was responsible for the pressor-fraction reaction. As already mentioned 
the stickleback can keep a constant salt level in the blood both in fresh water and salt 
water. In the mating season, however, the regulation mechanism is more or less 
disturbed and the animals do not stand fresh water or pure salt water very well as 
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stated by Koch and Heuts (74). These authors also found that the feeding of thy- 
_ Toxine to this fish brought about severe disturbances in the osmotic regulation if the 
animals were kept in sea water. The authors assume a disturbance in the normal 
function of the adrenal cortex to be the underlying reason for the failing osmotic 
regulation (73). 
Only in the case of frog skin do we have definite evidence that a specific Na trans- 
port is at work. This organ will therefore be treated at some length. 

The presence of a Na transporting mechanism in the isolated frog skin was 
strongly indicated by Huf’s (58) finding that the frog skin will transport salt from 
the outside to the inside when bathed with Ringer on both sides. Although he did not 
make Na analyses, Huf evidently considered the Cl transport to be a measure of a 
salt transport. He speaks of “einer Kraft, die Ionen von aussen—innen bewegt”’. 
The potential measurements showed that the inside solution was always positive 
relative to the outside; Huf did not mention the possibility, however, that the Cl 
transfer might be due to electrostatic forces. Katzin (67) using the radioactive iso- 

topes Na™ and K**was able to demonstrate that Na passes with greater rate inward 
than outward through the frog skin when the same mixture of NaCl and KCl was 
) applied on both sides. The rate inward was 60 per cent higher than the rate outward 
with pure 0.12 N NaCl on both sides and no less than 300 per cent greater if 80 per cent 
of the NaCl was replaced by KCl (all the solutions were 0.12 N as to Cl). The ex- 
periments with K® indicated that there was a net movement of K outward, at least 
at the lower range of K concentrations. The net transfer of Na inward was about 
12 to 20 X 107 eq/hr/sq. cm., whereas the net transfer of K outward was 2 to 6 X 
107 eq. 

Now, it turns out that the inside of the skin is positive relative to the outside 
under all experimental conditions where a salt transport can be observed; this can | 
only mean that at least the Na ions are transported actively, whereas the Cl ions = 
might follow passively. | 

Evidence that the frog skin preparations can transport Na, not only against a 
potential gradient, but also against a steep concentration gradient was given by / 
| Ussing (149, 150). The skin was placed as a membrane between two salt solutions 

(that on the inside being always Ringer’s) and the outflux or influx of Na determined 
with Na. Concurrently with the flux determinations, the P.D. between the solu- 
tions was measured. It was found that the influx is definitely much higher than the 
outflux even down to about 1 millimolar NaCl on the outside. This means that there 
is a net uptake of Na in the entire region studied. When the outside concentration is 
above 10 millimolar, the Na influx may simply be used without serious error as a 
measure of the net Na transport and we thus have a relatively simple and convenient 
way of determining the influence of different factors on the transport system. 

An interesting point is that the Cl influx is smaller and as a rule much smaller,— 
than the corresponding Na influx. This means that part of the Na removed from 
the outside solution must be replaced by another cation. Preliminary experiments 
indicate that the ion in question is the Hion. Toa lesser extent K (139, 67) and Ca 
(76) are also lost through the skin. Steinbach (139) found that the frog skin is in 
equilibrium (as to K) when the solution applied to the inside is o.0025M in K whereas 
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the solution has to be 0.01m when applied to the outside. With the same solution on 
both sides of the skin there will therefore be a constant net outflux of K. This is. | 
probably an entirely passive process since the P.D. will force out the K. It is possible j 
that even the Cl ions move passively; in this case the transport of sodium ions across 
the skin might be considered responsible for the P.D. If both sides of the skin are 
bathed with the same solution, work has to be done on the Cl ions simply to overcome } 
the frictional forces in the membrane, and as Na is transported faster than the Cl 
ions can follow, the inside solution will attain a positive charge. If a passive Cl 
uptake has to take place against a concentration gradient the P.D. required will be | 
that giving the Cl ion the same electrochemical potential in both media plus some | 
excess to overcome the friction. Ifthe outside NaCl concentration is higher than 2 to 
5 millimol NaCl and lower than that of Ringer, the P.D. is as a rule found sufficiently ; 
high (so-80 mV) to account for a passive Cl transport inward. Simultaneous de- 
terminations of influx and outflux of Cl as related to the P.D. would tell whether a 
special Cl transport mechanism is in action or whether the electric force is solely 
responsible for the Cl uptake. 

To a large extent the behavior of the isolated frog skin toward ions can be ex- 
plained by assuming that only the Na ion is transported; some evidence is present, ) 
however, that in the living frog at least there is also some active transfer of Cl (see 
below). | 

The close relationship between Na transport and P.D. is borne out by the fact 
that they vary in much the same way on changes in the experimental conditions. 

Especially illuminating is the influence of the pH on Na transport and P.D. Whereas 
the pu of the outside solution can be varied for instance from 6 to 8 without any effect 
on Na influx or P.D. both of them show a high degree of dependency on inside pH. 
If the pu of the inside solution is increased, for example, from 7 to 8 the Na influx 
increases often as much as three times whereas the P.D. may increase up to 60 mV 
(the inside becoming still more positive relative to the outside). Meyer and Bernfeld 
(97) have pointed out that the inside of the frog skin reacts to pH changes much like a 
glass electrode, giving an increase near the theoretical 58 mV shift for 1 pH unit. 
They ascribe the reaction to some layer at the inside of the epithelial cells being selec- ' 
tively permeable to H ions. Strictly speaking the H selective layer is also permeable 
to a number of other ions; but only H* (or OH—) participate measurably in the elec- | 

- tricity transport. Meyer and Bernfeld assume the P.D. to be brought about in part 
at least by the formation of H ions within the epithelial cells. These H ions by their 
diffusion through the H selective layer are assumed to give a positive charge to the 
inside solution. This explanation cannot be entirely correct because a P_D. brought 
about by inward diffusion of H ions would give a Teorell effect (147) forcing Na out- 
ward. If the H selective membrane hypothesis is to be kept (Meyer and Bernfeld’s 
experiments seem to be conclusive) it can only mean that the Na transport consists 
in a forced exchange of Na against H ions across the H selective membrane at such a 
rate that the cellular pu is kept constant (149, 150). Then we would have exactly the 
same situation as in a glass electrode where the H selective membrane separates a 
solution of constant pH from one where the /u is varied. 

It is interesting to note that the ultimate result of a forced Ht -Na* exchange 
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depends on the permeability of the membrane to the different free ions present. In 
case the membrane had been just as impermeable to H?* as it is to Nat, no P.D. and 
no salt transport would have been brought about, but the outside NaCl solution 
would have been turned into a solution of hydrochloric acid. 

The poisoning of frog skin with cyanide stops the active ion transport (58, 150) 
and parallel with the fall in transport goes a drop in P.D. This indicates the impor- 
tance of the oxidative metabolism for the transport process. Huf (58) tried to iden- | 
tify still further the reaction responsible for the chloride transport and the P.D. He 
showed that whereas poisoning with monobromoacetate would stop the transport 
and depress the P.D., the addition of lactate or pyruvate to the monobromoacetate- 
poisoned skin could restore, in part at least both P.D. and chloride transport. This 
result seemed to indicate that the process responsible for the salt transport was con- 
nected with the pyruvate oxidation. Francis and Gatty (34), however, have shown 
that the P.D. of monobromoacetate-poisoned frog skin can also be restored by addi- 
tion of salts of a number of other organic acids (for instance acetate, propionate and 
butyrate). Although these authors did not determine whether the substances men- 
tioned were able to restore the salt transport, it is likely that the effect of these acids 
is similar to that of pyruvate. It thus seems that a number of hydrogen donators 
can supply the fuel for the transport reactions. 

As mentioned above, heavy metals appeared to poison the NaCl uptake in 
Daphnia (56). Lundegardh and Burstrém also found heavy metals to be extremely 
poisonous to the salt uptake in wheat roots (89). I have therefore made some experi- 
ments to find out whether Cu**, as a representative of the heavy metals is a specific 
poison for the Na transport in the frog skin. The result was rather surprising. The 
presence of as little as 1o-* moles/1 of Cu** in the Ringer bathing both sides of the 
skin brings about a steady increase in P.D. which after 5 hours may reach values as 
high as 135 mV, about double the value found for the controls. Later the P.D. de- 
clines, but even after 18 hours the skin is still alive as evidenced by a positive P.D. 
The Cu turned out to bring about a tightening of the membranes which decreased 
the shortening of the P.D. through the skin. It thus would appear that Cu*+* rather 
stimulates the ion transport. 

A stimulus may also originate in the nervous system. Steggerda and Ponder 
(138) found that the injection of very small amounts of strychnine sulfate into living 
frogs caused the P.D. across the skin to increase violently. In one experiment the 
P.D. rose from an initial 47 mV to 178 mV 12 minutes after the strychnine infection. 
It would be very interesting to know how this P.D. change is related to the move- 
ments of ions across the skin. The same authors also found that damage to the 
central nervous system induced a fall in P.D. It is possible that this effect was 
caused by the release of adrenaline or sympathine from the nerve endings. Barker 
J¢@rgensen (2) has shown that adrenaline even diluted 1/10° will bring about an enor- 
mous increase in salt permeability when applied to the inside of the isolated skin. 
The permeability change is accompanied by characteristic changes in P.D. (149). 
The use of tracer Na revealed, however, that the adrenaline has still another effect, Eee 
namely to increase the active Na transport. Whether this change in Na influx is 
primarily due to a stimulation of the cellular metabolism induced by adrenaline or 
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whether the increase in influx is a secondary effect of the permeability change cannot 
be decided at present. 

The skin is only sensitive to adrenaline applied from the chorion side just as it is 
far more sensitive to pH changes on the chorion side. This makes it rather likely 
that it is the basal cell membrane of the epithelial cells which is responsible for the 
active Na transport. As we have seen already many cells like muscle fibers and nerve 
fibers must extrude Na through their surface. As far as Na transport is concerned 
the difference between these cell types and the epithelial cells is that the latter are only 
extruding Na through the cell membrane turning inward whereas the others do this 
through their entire surface. 

The specificity of the mechanism carrying Na across the skin was clearly demon- 
strated already by Krogh (76) who found that frogs in need of salt took up Na but 
not K or Ca from solutions of their chlorides. A most remarkable thing about this 
transport is that the Na is transported right through epithelial cells having a high 
content of potassium. Rubin (124) analyzed the skin of Rana pipiens for inorganic 
ions. The K content was 132.4 mg. per cent as compared with 90.6 mg per cent of 
Na. As the chorion is made up mainly of connective tissue with large interspaces 
containing NaCl but little K, the cells, particularly the epithelial cells, are bound to 
have a K content which is far higher than their Na content. It is thus safe to assume 
that Na is transported out through the basal part of the epithelial cells rather than 
transported into the cells through the membrane turning outward. While the Na 
is transported in, the K is slowly leaking out. 

It may be appropriate to devote a few remarks to the relationship between ion 
transport and water movement through the frog skin. Already in 1892 Reid (118) 
observed a very slow fluid transfer across the skin from the outside to the inside when 

both sides were in contact with Ringer’s solution; this observation has since been con- 
firmed by several investigators (59). By some authors this water transfer has been 
termed irreversible permeability. With heavy water as a tracer, however, Hevesy, 
Hofer and Krogh (46) were able to demonstrate that the influx and outflux of water 
are about equal, the net uptake of water being only a small fraction (less than 2 per 
cent of the total water exchange. 

The net uptake of water could be stopped if an isosmotic sugar solution was used 
as outside medium, so that there could be little doubt that osmosis-played a major 
réle in the water movement. The net uptake of water was, however, about 5 times 
the value calculated under the assumption that the influx and the outflux of water 
(as measured with D,O) were proportional to the water activities in the medium and 
in the frog, respectively. At that time, 1935, no really satisfactory explanation of 
the discrepancy could be given; but later Krogh (79) pointed out that some water 
may be carried along with the salt which is transported through the skin. Thus 
there is no reason for assuming any specific water transport mechanism. It is inter- 
esting that even in the case of the aqueous humor of the eye, the water exchange is 
very high compared with the net transfer, so that the water transport can be regarded 
as the result of the electrolyte transport (69, 70). Parenthetically it should be men- 
tioned that the assumption on which the calculations of Hevesy et al. were based is 
not absolutely correct. If the water forms a continuous phase through the mem- 
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brane all diffusing water molecules will have superimposed upon their diffusion rate 
the mean rate of the water in the membrane; molecules diffusing upstream will be re- 
tarded and molecules diffusing downstream will be accelerated. Calculations show 
(151) that for dilute solutions the net osmotic uptake is about twice that calculated 
according to Hevesy e/ al. A similar effect can be predicted for all substances diffus- 
ing in the water phase. For small ions at low concentrations the effect is insignificant, 
however. It is the high concentration of water that emphasizes the importance of 
this streaming effect. In organs like the gut where a rapid water uptake may take | 
place the streaming effect on the solutes may become important, so that the calcu- 
lated electrochemical potentials are no longer adequate expressions for the tendency 
of ions to move in one direction or the other.’ : 
Transport of Hydrogen Ions. It will have been noticed that the transport of po- 
tassium into yeast cells might also be called an excretion of hydrogen ions. Simi- 
larly the sodium transport through the frog skin could most properly be described 
as a forced exchange of Na against H. Indeed, most cases of cation transport are 
probably connected with a compensatory transfer of H+ (in some cases perhaps of 
NHj). Thus, according to Pitts et al. (110, 111, 112, 113) a forced exchange of Nat 
against H* is probably responsible for the acidification of the tubular urine. In ex- 
periments on dogs it was conclusively shown that, under appropriate conditions, the 
quantity of acid excreted was much larger than that which had filtered through the 
glomeruli. This means that either an acid is excreted and its anion reabsorbed to- 
_gether with Na* or there is simply an exchange of Na* against H*. Actually these 
.two possibilities can hardly be distinguished from each other. A Nat-H* exchange 
would probably require an anionic carrier pendulating back and forth across the cell 
-membrane of the tubule cells, so that, in a way, an acid goes to the tubular urine and 
a Na salt goes back (134, 125). 
The acidification of the urine probably takes place in the distal tubuli as dis- 
tinguished from the main absorption of NaCl which is performed in the proximal 
tubuli. At least in the frog (99) the acidification takes place in a short segment near 
the distal end of the distal convolution. In frogs no acidification is observed if the 
carbonic anhydrase of the tubuli is poisoned with sulphonamide (53). Héber there- 
fore assumed the acidification to be due to reabsorption of bicarbonate ions. In the 
experiments with dogs, however, Pitts e/ al. (111) found that the acid elimination 
continued although at a slower rate when the carbonic anhydrase was inhibited by 
sulphonamide. Therefore, according to Davenport (24), it is likely that the carbonic 
anhydrase has only the function to place the necessary amount of H* at the disposal 
of the Nat-H* exchange system by forming H2CO; from CO3. Davenport suggests 
that a forced Na+-H* exchange is also responsible for the formation of the hydrochlo- 
ric acid of the gastric juice. The ions originate mainly from the CO, formed in the 
parietal cells, but at least in warm-blooded animals the carbonic anhydrase is of little 
importance for the process because the spontaneous hydration of CO; suffices to form 
the necessary amount of H ions. The main work done by the cells is, however, the 
excretion of the H ions. 


3In the tracer experiments of Visscher ef al. (153) there was no simple relationship between 
the osmotic pressure in the gut and the movements of ions and water. 
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A very similar hypothesis has been advanced by Conway ef al. (17, 18). They 
also consider the essential process in the formation of the HCI to be exchange of H+ 
for inorganic cations. A solution of inorganic chloride is supposed to flow past an 
exchange region and the reabsorbed inorganic cations are returned to the blood stream 
or to the alkali chloride-secreting part of the cell. By analogy with the ion exchange 
in yeast these authors assumed the chloride to be KCl, but in a later paper (16) Con- 
way points out that it might be NaCl since a Na transport is known in many other 
animal cells. The hypothesis of a Nat-H* exchange being the crucial step in the 
formation of the acid is in good accord with the known facts about the acid formation. 
According to Davenport (24) the secretion is in osmotic equilibrium with the blood 
so that no water transport need be postulated. The fact that Br and, to some extent, 
I can replace Cl without any effect on the secretion rate speaks in favor of a passive 
transfer of the chloride ions (25). 

Across the wall of the resting stomach there is a P.D. which in frogs is about 50 
mV (98, 22) and in dogs 70-95 mV (116). When the secretion of gastric juice sets 
in (for instance on histamine stimulation) the P.D. drops considerably.‘ In case the 
stomach wall had been permeable to H+ but impermeable to Na+ the P.D. would 


have been determined by the proportion between the H* concentration in the gastric 
—1.4 
juice and in the blood; 58-log — = 350mV. We must therefore assume either 


that the stomach wall is impermeable to H* or that Na* diffuses about as fast as does 
the H ion so that the diffusion potentials nearly cancel out. Tracer experiments with 
Na have shown that the stomach wall is permeable to Na* although the permeability 
in the acid-excreting part is very low compared with the permeability in other parts 
of the stomach (21). The electrochemical potential of the H ion is evidently very 
much higher in the gastric juice than in the blood so that an active H* transport must 
take place. The fact that the mucosa side is some 20 mV negative relative to the 
serosa side means that the electrochemical potential of the-Cl ion is also somewhat 
higher in the juice than in the blood, although the concentration of Cl is about the 
same in serum and gastric juice. This would indicate that an active Cl transport is 
also involved in the secretory process. However, the P.D. which we can measure 
is the resultant of the P.D. values across all the cells of the gastric mucosa. If, as 
there is good reason to believe (86), the acid is only elaborated by the parietal cells, 
the P.D. across the canaliculi may differ considerably from the ‘gross P.D.’ which is 
the only value available to us. The reasonably safe conclusion from the P.D. 
measurements is that a Ht transport has to take place whereas the Cl- may or may 
not be transported. 

It should be pointed out, however, that the Nat-H* exchange hypothesis is far 
from being generally accepted. Despite the enormous amount of work done in the 
field our knowledge is still so incomplete that a number of widely different hypotheses 
seem to fit the known facts equally well. Hollander (55) whose article gives a thor- 
ough discussion of the relevant literature up to 1943 mentions as a possibility that 
the hydrochloric acid is formed by membrane hydrolysis of alkali chloride. A con- 
tractile mechanism, wholly or in part identical with the pericellular membrane is as- 


‘4 For gastric potentials in human beings see (120). 
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sumed to exert an intermittent pressure on the cell contents. If the membrane of 
the canaliculi is taken to be cation impermeable, the Cl ion can only pass out if a 
corresponding number of OH ions pass in so that, in the end, HCl is formed in the 
secretion and alkali chloride remains in the cell. 

Bull and Gray (12) proposed the interesting hypothesis that a nearly pure solu- 
tion of some organic acid, such as pyruvic acid, is secreted into the basal end of the 
canaliculi. As the secretion passes through the canaliculus the anion diffuses back 
into the cell where the metabolism keeps its concentration at an extremely low level. 
The H ions cannot follow, however, because the membrane is theoretically cation 
impermeable. To maintain electroneutrality, Cl- has therefore to replace the or- 
ganic anions that diffuse away from the secretion. 

Other hypotheses where the HC] formation is thought to be brought about by an 
electric current originating from some metabolic process, have been advanced by 
Rehm (116, 117) and Davis, Longmuir and Crane (22, 26). 

A discussion of the merits and drawbacks of these different hypotheses is hardly 
warranted because too many unknowns enter into the premises. More work is evi- 
dently needed before we can hope to understand the apparently simple formation of 
HCl from NaCl. The use of new approaches can still bring astonishing results. 
Thus it may be mentioned that Teorell e/ ai. (85) have found the primary acidity of 
the secretion to vary between 170 mN and 350 mN whereas hitherto it has been 
generally accepted that the secretion was isotonic with the blood and of constant 
acidity. 

ACTIVE TRANSPORT OF ANIONS 


Transport of Anions in the Animal Organism. The transport of phosphate in 
animal cells has been referred to already in the introduction. In this article we shall 
not enter into a discussion of the transport of organic substances but it should be 
mentioned that we have examples of manifest anion transport in the excretion of a 
substance such as diodrast and certain acidic dyes like phenol red in the kidney 
tubules (54). 

A rigorous proof that Cl ions are transported actively in the animal organism is 
still lacking. We have seen already that the low Cl concentration in muscle and 
nerve can be explained as the result of a Donnan equilibrium. The uptake of Cl- in 
many fresh water organisms is as a rule accompanied by a Nat uptake which we have 
good reason to believe is of active nature, so that a specific Cl- transport need not be 
postulated. In living frogs, however, Krogh (78) found an uptake of Cl- from KCl, 
CaCl, and NH,CI solutions; K+, Cat+* and N Hi were not taken up and no significant 
amount of Nat was present. The Cl uptake seemed to be an exchange against 
HCO;. These experiments certainly speak much in favor of a Cl-HCOs; exchange 
mechanism. Quite recently Barker Jérgensen and Levi (4) have given substantial 
support to the idea that under certain conditions some exchange of anions is aiding 
in the uptake of Cl-. They found that frogs which had stayed in a slow stream of 
dilute NaHCO; for some time showed a net uptake from a NaCl solution of Cl- as 
well as a total Cl- influx which were well in excess over the corresponding values for 
Na*. In their experiments with salt uptake in the gut, Ingraham and Visscher 
(62) observed that the Cl uptake was in excess over the Na uptake in many cases. 
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At the same time the bicarbonate concentration of the gut content showed an in- 
‘crease. A Cl-HCOs; exchange would explain this result. The authors point out, 
however, that the secretion of the intestinal glands contains considerable amounts 
of NaHCOs. If Nat and Cl were taken up in equivalent amounts this would lead to 
‘an apparent excess uptake of Cl- in exchange for HCO;. The secretion of the skin 
glands of frogs and fishes have not been sufficiently studied to indicate whether enough 
NaHCO; is produced to account for the apparent Cl-HCO; exchange. But for the 
time being the existence of an active Cl- transport in the frog skin cannot be ruled 
out. 

An active concentration of inorganic iodide takes place in the thyroid gland. 
Also the higher homologue of iodine, ekaiodine is concentrated by the gland (40) 
and so is to a lower extent bromine (109, 5); but it is not known whether the last two 
elements are present to any extent as ions or only in inorganic compounds. 

Mann, Leblond and Warren (96) demonstrated that about 5 per cent of the I 
of the thyroid of the nornal dog was inorganic iodide. This I could not have been 
formed from the organic iodine compounds during the isolation process. In experi- 
ments where weightless amounts of tracer iodine were given to the dogs it turned out 
that, at any time, the relative specific activity of the iodine of the diiodotyrosine was 
higher than that of the free I-. This indicates that the major part of the I of the 
diiodotyrosine does not come from the free iodide of the gland. Possibly the reaction 
which introduces the iodine in the tyrosine molecule takes place in the surface of the 
thyroid cells, and at least some of the free iodide of the gland is formed by the splitting 
off of some of the organically bound iodine. : 

_ Later observations are difficult to reconcile with this hypothesis. Thus Leblond 
(82) found that when large doses of iodide are introduced in a guinea pig the larger 
part of the iodine fixed by the gland remains in the form of inorganic iodide for some 
time. Franklin and Chaikoff (36) have found that the formation of radioiodotyro- 
sine and radiothyroxine in thyroid slices is inhibited by sulfanilamide and related 
compounds in 10-* M solution. At this concentration of sulphonamides the capacity 
of the surviving thyroid slices to take up iodine from the solution was not depressed. 

It thus appears that for uptake of I there is another route than that over diiodotyro- 
sine. The thyroids of rats made goiterous by prolonged feeding of propylthiouracil 
possess the I concentrating mechanism despite a complete block of the formation of 
organic iodine compounds (146). In fact the capacity of goiterous glands for fixing 
inorganic iodide is much greater than.normal. A linear relation was found between 
the iodide concentration in the thyroid and plasma, the concentration factor being 
200 to 300. The uptake of iodide by the goiterous gland is inhibited by KCNS (146, 
152); but the CNS ion is but little concentrated if at all. Although the iodide might 
exist in the gland in a very loosely bound form (128), it is just as likely that an active 
transfer of iodide takes place and that it is the transport mechanism which is blocked 
by CNS. The presence of the I in free rather than in bound form would explain that 
the iodide is freely dialysable and ultrafiltrable and that it is not coprecipitated with 
the protein of the gland when the tissue is homogenized with protein precipitants 
(146). 

Transport of Anions in Plants. 1) The ion uptake 1 in plant roots. Excised roots of 
young plants of the grass family possess a pronounced ability to take up ions even 
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from dilute solutions. This process has been studied very carefully by different 
groups of investigators, but so far no unanimously accepted view has been obtained 
as to the mechanism involved. Lundegardh, as well known (90, 92, 94) assumes 
that the process is essentially an anion uptake whereas the cations are supposed to be 
electrically attracted. Hoagland and Steward (49, 50), on the other hand, do not 
consider Lundegirdh’s theory convincing and they apparently prefer the assumption 
of a cation transport as well as an anion transport. Asa matter of fact the ion up- 
take observed is the resultant of two different phenomena, namely an ion accumula- 
tion in the cell sap of the roots’ parenchyma and a transport of ions from the outside 
solution to the wood vessels, where they contribute to.the formation of the bleeding 
sap. Although we do not know whether both of these phenomena are brought about 
by the same mechanism, there seems to be a rather close correlation between them. 
Hoagland and Broyer (48) have shown that the concentrations of K, Na and Br in 
the cell sap and bleeding sap from barley roots vary in very much the same way with 
time, when the roots are transferred from distilled water to an experimental solution 
containing these ions. The ion concentrations are, however, always higher in the cell 
sap than in the bleeding sap. Naturally a formal similarity in the rates of ion uptake 
in cell sap and bleeding sap is not sufficient to prove that both processes are due to 
acommon mechanism. Especially Arisz (1) has stressed the importance of treating 
the transfer across the cell membrane and across the tonoplast separately. The 
potential measurements which have been performed by Lundegardh (91, 92, 93) and 
others (130) only relate to the P.D. between cell sap and bleeding sap. We are with- 
out any direct knowledge as to the P.D. between cell sap and protoplasm as well as 
to that between the epidermal cells and the medium. Lundegirdh has not stressed 
this point sufficiently. In fact he assumes that the whole potential difference is 
located at the boundary between the epidermal cells and the medium (93). In view 
of the fact that a number of cell membranes, each the possible seat of a P.D., are 
interposed between the outer membrane of the epidermal cells and the bleeding sap, 
this assumption is not very well founded. Lundegardh himself (94) believes that 
there is an anatomical-physiological differentiation of the root parenchyma so that 
the power of ion uptake declines from the outside inward. Such a differentiation 
most likely would involve potential differences between the cells. For the time being 
the estimation of these potentials is hardly technically possible. Nevertheless 
Lundegirdh’s potentiometric studies are of great value for our present inquiry as to 
which ions are actively transported; but we have to confine this discussion to the 
transport from medium to bleeding sap. The latter (94) is a dilute salt solution 
practically free of organic matter. The dominating ions are K+ and NO; which also 
are the ions most readily taken up from the medium; but almost any ion which is not 
too poisonous is taken up. As already shown by Laine (81) the concentration of any 
cation in the bleeding sap depends on the concentration of that ion in the medium in 
a way that recalls Freundlich’s adsorption isotherm. The salt concentration in the 
bleeding sap is higher than that of the medium at low outside concentrations, but as 
the outside concentration. is increased the relative increase in the bleeding sap be- 
comes less and less. We may take as an example one of Lundegirdh’s experiments 
(94). It turned out that below about 30 millimoles KNO; in the medium the bleed- 
ing sap is more concentrated as to K+ and NO; than the medium. With a one milli- 
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molar solution the KNO; has been concentrated about 13 times. It is quite evident 
that work has been done on the NO; ion. Not only has it been concentrated, but the 
concentration has taken place against a P.D. which may be estimated to have been 
some 52 mV (91). This P.D. on the other hand would suffice to account for at least 
the better part of the K+ concentration. About 65 mV would give nearly equal 
electrochemical potential in medium and bleeding sap. In view of the fact that the 
data are taken from different experiments the accordance between theory and experi- 
ment should not be stressed too much; but it seems not unreasonable that the K 
transport is due to electrical forces. The P.D. of the roots is primarily determined 
by the pu of the outside solution (91, 92). This suggests a permeability to free H 
ions which is much higher than the permeability to other ions. Moreover the P.D. 
depends on the outside salt concentration, decreasing from 150 to 200 mV in distilled 
water to about 60 mV in a millimolar solution of KCl or KNO;. Whatever the 
origin of the P.D. it is obvious that it suffices or at least contributes substantially 
to bring about the cation uptake even from very dilute solutions. 

In the cytoplasma and the cell sap, however, the K* concentration is much 
higher than in the bleeding sap. It is clear that if the K+ concentration is brought 
about by electric attraction, the P.D. between medium and cell sap must be consid- 
erably higher than that between medium and bleeding sap. Considering the fact 
that certain plant cells like yeast and Valonia are known to concentrate Kt actively 
it is hardly justified to take definite standpoint as to whether the high K* concentra- 
tion in the cell sap is also due to anion transport or whether a specific K* transport is 
responsible. 

Shuffelen and Loosjes (130) have derived a formula expressing the cation uptake 
in roots as a function of the concentration and the P.D., with a correction for the ions 
that are adsorbed to the root surface. The formula seems to be in good accord with 
the experimental data. As, however, the uptakes refer to the total root and the P.D. 
is measured according to Lundegardh and Burstrém between the cut end of the root 
(bleeding sap) and the medium, the verification of the formula must either be inciden- 
tal, or, more likely the P.D. between bleeding sap and medium must be closely corre- 
lated to the P.D. between cell sap and medium. 

The space does not allow a detailed discussion of the vast number of papers con- 
cerned with salt uptake in plant roots. The reader is referred to the excellent general 
treatments of the subject given by Hoagland (47), Arisz (1), Lundegardh (94) and 
Steward (141). Only some points which may have a bearing on the transport 
mechanism will be presented. 

The ion uptake is generally considered as a strictly aerobic process, although a 
small and irregular anaerobic ion uptake has been reported (94). Cyanide in low 
concentrations prevents salt accumulation in barley roots (48) and in wheat roots 
(89). An interesting property of the transport system is that methylene blue de- 
stroys the power of salt accumulation without decrease in CO, production (48). 
These facts are taken by Hoagland and Broyer (48) to indicate that the salt accumu- 
lation is linked with a metal catalyzed aerobic respiration system. A similar view- 
point was also advanced by Lundegirdh and Burstrém (89). Lack of oxygen stops 
the uptake of salts as well as of water in barley roots (48). This does not prove defi- 
nitely, however, that the transport mechanisn can only work in the presence of 
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molecular oxygen. By favoring fermentation low oxygen pressure brings about an 
increased formation of organic acids with a resulting decrease in pH, and low x is 
known to lower the permeability of many cell membranes (7, 108, 102). A number 
of observations show that a high CO, tension (causing a fall in cellular px) will also 
depress the uptake of salts and water in roots (13, 48). 

The ion transport in plant roots shows a low degree of specificity. A large num- 
ber of different anions and cations are taken up. If the cation uptake is due to elec- 
tric attraction it is no wonder that the uptake is mainly determined by the size and 
charge of the ions. But even the anion transport shows hardly any specificity al- 
though for instance NO; is taken up by wheat roots about 4 times faster than 
sor (90). 

The metabolism of the roots shows a pronounced dependence on the rate of salt 
uptake. As well known Lundegardh and Burstrém (89, 90) assume the increase in 
metabolism to be determined mainly by the amount of anions taken up. This view 
has not been generally adopted, however. It seems certain that by a process as yet 
unknown, the amount of cations taken up (especially K) determines the rate of forma- 
tion of organic acids (mainly malic acid) in the cells. This acid formation is so regu- 
lated that the cellular pu is maintained fairly constant (47). 

2) Salt Uptake in Halicystis. Using a very elegant perfusion technique Blinks 
(7, 8) has been able to make electrometrical studies of the protoplasm-sap interphase 
as well as of the outside surface of this marine alga. Exact chemical analyses of the 
protoplasm are not available, but it is assumed that the Cl ions are to a large extent 
replaced by organic acids. The P.D. between the sea water and the protoplasm may 
thus be regarded mainly as a Donnan potential, Cl- being the only penetrating anion. 
In the sap the organic acids are virtually absent. Blinks assumed, however, that 
“there is an active accumulatory mechanism which is constantly aiding the depletion 
of chloride from the protoplasm which is only a way station towards the vacuolar 
depot.” Although the Cl concentration is only little higher in the sap than in the 
sea water the maintenance and increase of this Cl concentration requires work be- 
cause there is a constant P.D. of about 70 mV to be overcome. Ultimately this CI- 
transport should probably be held responsible for the P.D. between the outside and 
the lumen when both membranes are in contact with sea water. 

Whether or not there is also a cation transport cannot be said with certainty. 
The P.D. in H. ovalis seems to be sufficiently high to account for the high K* con- 
centration in the sap of this species, and H. Osterhoutit does not concentrate K* at 
all. A number of factors influence the P.D. and presumably the ion transport in 
Halicystis. The P.D. falls to very low values when the organism is subjected to low 
O, tension. At the same time the electric resistance of the membranes increases 
violently. A similar reaction is brought about by weak acids like CO: and acetic 
acid and by prolonged stay at low temperature. In all cases, according to Blinks 
(7, 8) the explanation seems to be a fall in membrane permeability, brought about by 
a more acid reaction of the protoplasm. This behavior of the cell membranes makes 
it very difficult to decide whether the ion transporting mechanism is in itself strictly 
aerobic or whether the fall in transport at low O, tension is simply due to permeability 
changes. 

3) Ion Uptake in the Characeae. As already mentioned (104) the cell sap of the 
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fresh water characean Niéella is normally negative relative to the outside solution. 
When placed in a solution containing 9 millimoles NaCl and one millimole KCI/I1. the 
P.D. was estimated to be about roomV. The high concentration of cations, notably 
K* in the sap may therefore be the result of electric attraction, whereas the anions of 
which the chloride ions make up the dominating fraction have to be transported 
actively. Nitella can live and still take up salts from solutions which are much more 
dilute as to salts than that mentioned above. It cannot be decided for the time being 
whether the P.D. of the cells in these very dilute solutions will still suffice to bring 
about the cation uptake. In their study of the permeability of the membranes of 
Nitella and Tolypellopsis Holm-Jensen, Krogh and Wartiowaara (57) consider the 
exchanges of K+ and Nat ions to be due to an active transport into the protoplasm 
and a passive diffusion out. Although this interpretation of the results may be cor- 
rect the possibility of passive diffusion between protoplasm and surroundings cannot 
be ruled out. The interesting attempt made in this paper (57) to calculate the rela- 
tive permeabilities of the outer and inner plasma membranes are based on the assump- 
tion that the diffusion rates are solely determined by the concentration gradients of 
the ions; whether or not the P.D. suffices to bring about the cation uptake, the poten- 
tials will certainly modify the diffusion rates. If, as Osterhout (104) has found, the 
main part of the P.D. is between plasma and cell sap it might be suggested that at 
least part of the anion transport takes place across this structure. Hoaglandand 
Broyer (48) in experiments with radio-Br found this ion to approach a higher activity 
in the cell sap than in the plasma; this they take to indicate a secretory process 
transferring Br (and Cl) from the protoplasm to the sap. 


CONCLUSION 


It has been one of the main objectives of the present paper to point out that spe- 
cific chemical reactions between certain inorganic ions and organic cell constituents 
is of decisive importance for the ion transport processes. Although the pore size of 
the membranes and electric potentials resulting from metabolic processes are bound 
to play a major part in determining the ultimate result of the specific transport proc- 
esses, pores and potentials cannot alone explain the ion distributions found. __ 

The problem of specific ion transport should conceivably be attacked along 
similar lines to those used to characterize the metabolic enzymes, so that we must 
find specific poisons for the different steps involved. But for the time being the 
major problem remains to determine which ions are actively and specifically trans- 
ported. The study of the cellular metabolism has taught us a lesson which is well 
worth remembering even in the study of active transport. What seemed to be a 
simple combustion of organic matter turned out to be the resultant of an enormous 
number of enzyme reactions. Similarly, the number of ion transport mechanisms 
may also be very large; but in certain organs some process or other may be vastly 
superior to the others in determining the ion movements and in such organs the par- 
ticular systems may be studied. © 

It is the belief of the author that the combined use of tracers and electrophysio- 
logical techniques will prove very useful to determine which specific transport 
processes are predominant in different cells and tissues. 
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DEVELOPMENT OF ACUTE TISSUE DAMAGE DUE TO COLD 
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selves against the injurious effects of low temperatures. In these areas acute 

damage due to cold is usually limited to victims of accidents, cases of acute 
alcoholism, and to inexperienced city dwellers hiking in the mountains during winter. 
In war, however, the picture changes. Under such conditions people may for shorter 
or longer periods be placed in circumstances where even the experienced are unable 
to take precautions; in addition, large groups of men who are unfamiliar with life 
at low temperatures: may be exposed to cold for long periods. It is, therefore, a 
peculiar fact that the problems of tissue damage due to severe cold have not primarily 
occupied students in the northern countries, but mainly those of the larger warring 
nations, and that the clinical and experimental studies belong to periods of the great 
wars. 
.. That exposure to cold may produce immediate and direct damage to the tissues 
and be followed by violent vascular reactions is an observation as old as the history 
of man in cold climates. Understanding of the mechanism of the different processes 
is, however, still limited. At the outbreak of World War II the existing state of 
knowledge of the subject could be summarized as follows: 


1) Severe local damage with necrosis due to cold can occur as a result of tissues freezing to ice, 
as well as after prolonged exposure to low temperatures above freezing. 

2) There seems to be a certain critical temperature below which the tissue destruction is direct 
and immediate. 

3) After thawing of frozen tissues, and after the return to normal surrounding temperature 
of tissues subjected to prolonged cooling, violent vascular reactions occur. 

4) Inside the vessels corpuscular aggregates have been observed, and are belived to be of im- 
portance for the development of necrosis, by blocking the vessels. 


Pr INHABITING AREAS with cold climates learn empirically to protect them- 


In the present review an attempt will be made to analyze the reactions to cold 
and to distinguish between damage which is immediately lethal to the cells, and 
damage caused by subsequent events in the tissues. Late and secondary complica- 
tions like secondary thrombosis, infection, demarcation and repair will not be con- 
sidered. 


PRELIMINARY AND TRANSIENT RESPONSES TO LOWERED TEMPERATURE 


This problem has been extensively considered in Haxthausen’s monograph (11), 
in Lewis’s paper (27) and Stray’s thesis (40). It seems to be uniformly accepted that 
the first reaction to a lowered external temperature is a sensation of cold, a constric- 
tion of the blood vessels of all calibers, and a contraction of the smooth muscles of 
the skin, causing goose-flesh. The skin is pale. If the surface temperature of the. 
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skin falls to 25°C. the reaction changes in character, inasmuch as the minute vessels 
open up and are filled with blood, the larger vessels remaining contracted. The skin 
color is cyanotic because the tissue metabolism still is sufficiently rapid to cause a 
greater demand for oxygen than the slow circulation can satisfy. If the skin temper- 
ature sinks below 15°C. the skin color changes to bright pink. The hyperemia is 
‘arterial’, partly because the tissue metabolism is brought nearly to a standstill and 
partly because of the incomplete dissociation of oxyhemoglobin at this low tempera- 
ture. The tissue is in a state of partial hibernation. Stray describes how the goose- 
flesh disappears at a temperature below 7 to 8°C., and Kriege (19) found a spastic 
reaction of the capillaries immediately before the tissue freezes to ice. 

Lewis points out that the vasoconstriction is a complex response; indeed, it 
comprises three separate reactions. First, there is a direct and persistent response 
of the superficial vessels to cold; they contract locally. Secondly, cold when applied 
to any part of the skin causes an immediate general vasoconstriction by reflex action 
through the central nervous system. This reflex, however, is only transient. It is 
succeeded and replaced by the third response. Cold venous blood returning from 
the cooled skin joins the blood in the general circulation and lowers its temperature. 
This blood travels to, and acts upon, a central nervous mechanism that is sensitive 
to cold and responds by calling forth a general and persistent vasoconstriction. The 
second reaction is easily displayed, for if a limb is cooled while the circulation to it 
is cut off there is an immediate and transient general vasoconstriction; but the third 
reaction takes place only when the circulation to the cooled limb is restored (32). 
In these vasoconstrictions, whether they are brought about locally or generally, all 
surface vessels—arteries, arterioles, capillaries, venules and veins—participate. The 
dilatation of the minute vessels, on the other hand, seems to be caused by strictly 
local factors. 


PROLONGED EXPOSURE TO LOW TEMPERATURE ABOVE FREEZING 


A number of workers have described the development of edema after a certain 
period of exposure to cold, and this is actually an everyday observation in countries 
with white winters. The skin becomes thickened and stiff. Lewis (28) carried out 
a series of experiments and concluded that ‘“‘When an extremity is cooled, as by im- 
mersion in cold water (5°C.), it swells. This increase in volume occurs in both skin 
and subcutaneous tissue, and may amount within 3 hours to as much as 15 per cent 
of the original volume. The swelling is due mainly to an edema of the tissues, judged 
to be inflammatory from its relatively rapid outpouring and from its relatively high 
protein content. The contribution in the form of imbibed water is very slight. From 
this and correlated evidence, it seems that cold directly injures the skin and subcu- 
taneous tissues. This effect begins at about 15° to 18°C. and increases as the scale 
of temperature is descended.” Brown, Wise and Wheeler (3) confirmed these ob- 
servations, using a more refined technique, the pressure plethysmograph. They 
also confirmed an older observation by Landis and Gibbon (22), that cold reduces 
the rate of reabsorption of previously filtered fluid. They found that this disturb- 
ance of fluid removal is associated with a reduction of the effective colloid osmotic 
pressure of the plasma amounting to approximately 10 cm. of water. Brown and 
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Landis (2) reported experiments on the effect of local cooling upon fluid movement 
and capillary permeability in the frog’s mesentery. They concluded: “During local 
cooling of the frog’s mesentery, no signs of capillary injury or of leakage of protein 
from the capillaries appeared until after the tissue had been frozen.” In the experi- 
mental studies of Smith, Ritchie and Dawson (39) a marked edema was observed 
in rabbit extremities exposed to moderate cold, and similar observations have been 
made by Lange, Weiner and Boyd (24), and by the writer of this review. 

There is evidently a gradual passage from the transient, physiological responses 
to a lowered temperature, to the reactions caused by actual damage to the tissues. 
It is also evident that these responses are not, in detail, the same in different animal 
species, but that they vary according to the degree of adaptation to the environmental 
circumstances. 

Since many details were still obscure regarding the early reactions to low tem- 
peratures above freezing, a series of experiments was performed during the year 1948, 
and the results are described in a paper by Kreyberg (16) now in press. Limbs of 
rabbits were immersed in ice water, maintained at a temperature of approximately 
2° to 5°C. Repeated measurements showed that the skin very early in the experi- 
ment reached a surface temperature of about 10°C., a temperature which persisted 
without variation for 24 hours. A graphic record in Lange, Weiner and Boyd’s 
paper (24) gave a temperature of 13°C. in the deeper tissues of the limb in rabbits 
subjected to a similar treatment. This even temperature, considerably higher than 
that of the surroundings, indicates that there must be a constant blood flow, presum- 
ably through direct arterio-venous channels. It may be significant that the tempera- 
ture measured in the tissues belongs to the range of temperatures which Lake (21), 
in his experiments, found gave the shortest survival time for tissue cultures. 

The writer of this review found, moreover, that at the moment of immersion of 
the limb into the ice water a spasm occurs in the terminal arterioles and venules, 
and that concomitantly there is a dilatation of the capillary loops, close to the epi- 
dermis; hereby a sea of stagnant blood is enclosed in the surface vessels. By com- 
bining, in different ways, subcutaneous and intravenous injections of lithium carmine 
and fluorescein, it was demonstrated that, during the first hours of immersion in ice 
water, hardly a drop of blood enters this stagnant sea. After still another couple of 
hours, the arteriolar spasm seems to subside a little, and a trickle of blood enters; 
this can be recognized by a slow and faint staining of the cooled area after intravenous 
injection of fluorescein. After 12 hours of cooling, the entrance of fresh blood is a 
little freer, but still the circulation is very poor. Even after 24 hours of immersion 
the cooled area will take some ro minutes to be stained, whereas the normal limb 
stains instantly. After subcutaneous injection of a stain in the exposed area, the 
degree and the speed of resorption of fluid can be followed. During the first hours 
the resorption is negligible, and even after 24 hours of exposure, the resorption is 
very slight. The hindrance to fluid drainage seems to be greater and of longer dura- 
tion than the hindrance to fluid entry into the cooled area. This difference may be 
the cause of the initial edema which appears, and can be seen after some 4 to 5 hours 
of cooling. This edematous fluid is not at all stained by lithium carmine after intra- 
venous injection of the stain, nor is the tissue stained in this early period of exposure. 
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After some 12 hours, however, the edema increases rapidly, and the edematous fluid, 
as well as the tissue, takes a strong staining by lithium carmine, in spite of the fact 
that the circulation is very much reduced as compared to that of the control limb. 
This fact, as well as the demonstration of a high protein content of the tissue fluid 
(1.44%), points to a new factor in the vascular response, the occurrence of an in- 
creased permeability. The edema, which initially mainly represented an accumula- 
tion of fluid because of a dynamic imbalance of outpouring and drainage of tissue 
fluid, is now changed to an inflammatory edema, mainly caused by an increased 
permeability, this again resulting from tissue damage. It may well be that, parallel 
with the development of increased permeability, the flow in some of the smaller 
vessels may also have undergone small changes, but this will be of minor importance 
as compared with the first factor mentioned. If the immersion is continued, the 
inflammatory reaction is to a great extent checked by the continued constriction of 
the arteries. When, however, the limb is returned to a normal surrounding tempera- 
ture, this check is lifted and the full inflammatory reaction sets in. 

If the reactions of the blood vessels to prolonged cooling are examined in man, 
in the rabbit and in the frog, one will note important differences. The cold-blooded 
frog, adapted to stand low temperatures as a part of its normal life, will show small 
changes and slight reactions. Man, the tropical animal, will show violent reactions 
to the exposure to cold, and the rabbit, fur-coated and used to cold and wet ground, 
shows a reaction of intermediate type. It may be that this more prolonged and less 
violent reaction of the rabbit may expose phases of a general reaction, also present 
in man, but obscured by the more rapid progress of the events in the latter. 

The experiments of Lange, Weiner and Boyd (24) and of the present writer 
show that even after prolonged cooling the tissue temperature is considerably higher 
than that of the surrounding water, a fact not always taken into account in the 
interpretation of similar studies. Lake (21) found that tissue cultures kept at differ- 
ent temperatures showed a minimum survival time at approximately 15°C., and he 
explained this by the assumption that the anabolic processes at this temperature 
were reduced to a greater degree than the catabolic processes. At higher tempera- 
tures the two processes ran nearly parallel, while at lower temperatures both processes 
were brought to a standstill. The culture and the tissue came into a state of local 
hibernation (suspended animation). A degree of cooling involving reduction of the 
tissue temperature to 12 to 15°C. should accordingly bring the tissue into the range 
of most injurious temperature. 

The occurrence of a strong inflammatory edema confirms the assumption of 
serious damage at this temperature range, and histological examination of the tissues 
shows definite evidence of degeneration. In tissue fixed immediately after termina- 
tion of the exposure, Smith, Ritchie and Dawson (39) found a light vacuolisation 
of the epidermal cells in rabbits exposed to prolonged cooling. Blackwood and 
Russell (1a), in experiments with rats, found slight changes after 24 hours of exposure, 
but in animals examined after 48 to 96 hours of cooling, they observed polychrome 
staining of the fibers of striated muscles, loss of striation and an appearance of 
hyaline ‘clods’ in the fibers, reminding them of Zenker’s degeneration. After pro- 
longed exposure they also observed changes in the peripheral nerves, consisting of 
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irregular contours of the myelin sheaths, swelling of the cells of Schwann, and occa- 
sionally breaks in the continuity of the fibers. The present writer could not find any 
changes in the epidermis of rabbits after 24 hours’ exposure to ice water, but the 
characteristic degeneration of the striated muscles was marked. The functional 
symptoms of damage are manifested by a tingling sensation, numbness, pains, mus- 
cular weakness and ataxy, observed in man. 

When the limb is returned to the usual room temperature after prolonged cooling 
in ice water, the temperature of the rabbit’s skin rises rapidly, at first by approxi- 
mately 1°C. per minute, later more slowly. After varying intervals, dependent upon 
the severity of the previous exposure, the skin temperature not only reaches normal, 
but exceeds this. Vital staining shows an increased coloring of the exposed limb, 
and the picture of a more or less severe inflammation develops. In man this vascular 
reaction may be followed by necrosis. Again it should be stressed that not one of 
the usual experimental animals will react with the same severity as man, and that 
the reproduction of true and complete trench foot has not been accomplished experi- 
mentally: it will probably necessitate the use of more tropical animals for the tests. 
The author is personally convinced, however, that an efficient experiment would show 
that the necrosis after prolonged cooling may be two-fold in origin. First, the 
cooling may be so prolonged that the direct injury to the tissue is sufficient finally to 
kill the cells. Second, in man and animals with a similar violent vascular reaction, 
the damage from the cooling per se may be sufficient to cause tissue injury, but not 
enough to cause irreparable damage to the cells. The subsequent vascular reaction 
may then develop and cause a further and fatal injury to the cells. 

The importance of this latter factor in man has been stressed by a number of 
students of these problems. Wieting (45) evidently occupying himself with trench 
foot, the German Niassegangran, wrote: “Das eigentlich Wesentliche scheint uns 
nach allem in der schweren Schidigung der Zirkulation zu liegen, die ihrerseits in 
letzter Linies Folge der Kaltewirkung ist. Und zwar ist es weder ein direktes 
Abfrieren, auch nicht eine ischemische Gangrin, bei der die arterielle Kontraktion in 
kurzer Zeit durch Blutabsperrung den Gewebtod herbeifiihrt, sondern es ist ein 
noch protrahierteres Stadium der Kaltewirkung: die gefiisslahmung durch schwere 
Schidigung der gefiissinnervation mit Schliesslicher Stase und Trombose.” 

Leriche (25) touches on the same point in his statement: ‘“Cliniquement, le 
gelure grave n’est pas une maladie de vasoconstriction, si vous me permettez ce 
paradoxe, mais une maladie de vasodilatation,” and Ungley and Blackwood (43) 
state: “‘Parts which are to become gangrenous blister extensively.” Kreyberg (18), 
in accord with Wieting, reached the following conclusion: “It is the fulminating 
vascular reaction which precedes the tissue necrosis; and the mechanism is probably 
not through pressure of an edematous fluid, not through thrombosis in its usual 
term, but rather through the development of stasis.’”’ This conclusion, however, 
still lacks experimental proof. 


DAMAGE CAUSED BY THE FREEZING OF THE TISSUES TO ICE 


Cohnheim (5), in his classical investigation of inflammation, also discusses the 
damage and the reactions caused by freezing of rabbits’ ears to ice. He concludes 
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that freezing at — 7° to —8°C. produces edema, freezing at — 10° to — 16°C. produces 
inflammation, and still lower temperatures, at —18° to —20°C., lead to necrosis. 
Lake (21) finds a critical temperature at —6°C., a temperature which he thinks 
cannot be reduced without causing necrosis. 

In striking contrast to these observations are the claims that animal tissues 
may survive temperatures down to —196°C. even for several days. Eltorm (7) has 
reviewed this problem, but without strongly critical comment. The present writer 
does not himself feel convinced about the validity of the evidence presented for such 
claims. The cell reaction to vital stains is not a conclusive indicator that the cells in 
question are really alive. The growth of a malignant tumor after severe freezing 
would be conclusive, but one should demand a series of successive transplants. A 
single transmission may be difficult to judge. A proof would be to transplant success- 
fully normal cells, after freezing, to a site where such cells normally do not grow. 
Wentscher’s (44) paper of 1898 needs confirmation. Ordinary histological methods 
are of little help to solve this problem. The very fact that frozen sections of unfixed 
material may be excellent for microscopic. diagnosis is based upon the remarkably 
small morphological disturbances produced by the freezing process. The histologi- 
cal changes found in clinical work on frostbite, and in similar experimental studies, 
are very small if the tissue is examined immediately after exposure; see Rischpler 
(36). Not many hours, however, may pass after exposure before marked changes 
may be observed. 

In the older literature there seems to be a general agreement on the importance 
of certain vascular reactions in the development of necrosis after freezing. The 
mode of action has been, and evidently still is, a matter of discussion. The main 
German reviews of these problems between the two world wars, those of Kyrle (20) 
and of Ullmann (42), as well as Haxthausen’s monograph (11) from Denmark, seem 
to center partly on the ‘spastic reactions’ of Marchand (30), supposed to cause an 
ischemic necrosis, and partly on the equally fatal results of thrombosis. 

Kreyberg and Rotnes (17) in a very brief communication, put forward the ob- 
servation that the blood vessels after thawing of the frozen tissue enter into stasis, 
with subsequent necrosis. In two further communications Rotnes and Kreyberg (37a 
and 37b) added details to the observations and to the technique. The main features 
can be followed in a very simple experiment, which necessitates only the use of carbon 
dioxide snow and a microscope with a magnification of 60 to 80 times. The ear of 
a mouse may be frozen by the carbon dioxide snow, and the happenings in the ear 
followed under the microscope. A drop of mineral oil on the ear makes the obser- 
vation easier. Before the thawing sets in, the white crystals of ice are seen in the 
field. Gradually the ice melts and the tissue reappears, like a coastal landscape 
through fog. The blood vessels can be seen, first without any circulation, because 
the blood flow still is blocked by ice crystals. Gradually, however, the circulation 
is re-established; at first it is a little retarded, but in the course of a few minutes 
the blood is seen to be running quickly through vessels of all calibers. After another 
couple of minutes the circulation again slows down in some of the smaller veins and 
in the capillaries. The tissue becomes less distinct, because of the formation of 
edema. Ifa vital stain had been injected previously, the dye would appear in strong 
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concentration in the damaged area in this period. At the same time the red blood 
cells may be seen to be densely packed or in clumps and masses. After a brief inter- 
val the blood cells are found as stagnant masses in the veins and the capillaries, 
packed tight enough to form transparent columns, where the individuality of the 
single cell is lost to the eye. The circulation is brought to a complete standstill. 
Stasis has developed. 

Brown and Landis (2) describe the development of stasis in the frog after freez- 
ing, and add: ‘This stasis was often reversible; the plugs of packed corpuscles were 
washed out by inflowing blood and normal flow was resumed.” In the reviewer’s 
experiments in mice a partial dissolution of stasis has several times been seen. One 
may, in the microscopic field, be able to find a vessel where the blood still is stream- 
ing, joining a vessel in stasis. Where the fresh current makes an eddy, one may 
observe how the erythrocytes from the area in stasis may be whirled loose and again 
carried into the blood stream. A limited area may then again come out of stasis: 
the released cells have been observed returning as individuals, and not in clumps, 
and we have not found any evidence of formation of any sticky film. The reason 
why larger areas are not similarly resolved is possibly of a hydro-dynamic nature. 
The area is usually too large and the caliber of the vessels too small to permit a re- 
establishment of the circulation. The process, as well as the term ‘stasis’, was 
familiar to the old masters of the last century: Lister (29) can be read with the 
greatest benefit today. In current literature, however, including most textbooks of 
pathology, the word ‘stasis’ has been given a new and less specific meaning, being 
synonymous with venous congestion. 

Tannenberg and Fischer-Wasels (41) have given the most complete review of 
the problem of stasis in modern days. The theory of stasis is still a subject of dis- 
cussion. Some hold that the mechanism is one of hemoconcentration only; the 
main causative factor is attributed to a highly increased permeability, which enables 
the plasma to leak out, leaving the blood cells first crowded, and then packed and 
stranded inside the vessels, devoid of plasma. That increased permeability is present 
in most, possibly in all, conditions leading to stasis is accepted by the majority of 
students of this phenomenon. But the increased permeability is probably not all. 
Lewis (26) has shown that histamine injures the capillary wall to the extent that the 
resulting edematous fluid has practically the composition of pure plasma. Never- 
theless, stasis does not occur in connection with the histamine reaction in a normal 
person. Ricker (35) has been the most tireless and consistent advocate of the idea 
that stasis is of paramount importance for the development of necrosis after loca] 
injuries. He places changes of caliber of the different sections of the minute vessels 
in the foreground. 

Tannenberg and Fischer-Wasels (41) regard the development of stasis as a 
‘colloid-chemical’ problem, using the word conglutination for the clumping of the 
cells. They definitely discard the theory that it is a process related to blood coagula- 
tion. Stasis can be resolved, especially in lower animals. The blood cells can again 
break loose and enter the blood stream as individual cells without any apparent 
damage. The same authors further state that the diagnosis of stasis can, with 
certainty, be made only by in vivo observations. In the ordinary histological prepa- 
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rations the smaller vessels, packed with blood corpuscles from stasis, cannot be dis- 
tinguished from vessels filled with cells occurring in a dynamic hyperemia. The 
loss of cell individuality to the eye in the in vivo observations is reversed by the his- 
tologic technique. Shrinkage due to the dehydration breaks up the solid columns. 
Kreyberg and Rotnes (17) established, however, a technique whereby it is possible 
to diagnose stasis in preparations. If an experimental animal is injected with a vital 
stain before the freezing ‘insult’ is performed, one may, during the ensuing reaction 
(in this case during the thawing), observe how the area swells and takes the stain 
strongly. If later another stain is injected, this second stain cannot enter the area 
if stasis has developed. Likewise, if India ink is injected, the carbon particles cannot 
penetrate into the blocked vessels. In both cases the new injection will demonstrate 
an area uninvaded by the new stain. By varying the interval between the first and 
second injections, it is possible to find the moment when stasis develops, and by 
fixing the preparations and mounting them, it is possible to have permanent prepara- 
tions, demonstrating the occurrence of stasis. ‘The observations, and the technique 
of Kreyberg and Rotnes were practically unnoticed up to World War II. 

Lange and Boyd (23) then adapted our technique for clinical use, by the intro- 
duction of fluorescein. This most beautiful method, where the dye is observed under 
ultraviolet illumination, shows a very strong staining during the period of thawing. 
In later stages, when stasis has developed, the damaged area stands out black against 
the stained surroundings. By photographic pictures it is possible to preserve per- 
manent records of the different stages of this important vascular reaction. As to 
our observation of the development of stasis in connection with freezing, Lange and 
Boyd confirmed this completely. A most striking and convincing documentation 
is given by the microcinomatographic film in colors, made by Quintanilla, Krusen 
and Essex (34) after freezing rabbit’s tissue, using the Clark modification of Florey’s 
window. 

Stasis in itself means complete absence of circulation from the area involved, 
and this again involves necrosis. This was mentioned in our first paper (17), where 
we stated: “‘La stase peut étre temporaire ou permanente, et dans ce dernier cas 
détermine des troubles trophiques plus ou moins importants dans les tissus irrigués 
par les vaisseaux atteints.”’ 

As the finer mechanism is not fully known, and as the importance of this process 
was not generally accepted, a logical treatment for frostbite was impracticable during 
the recent war. Under the necessity of the time, however, several groups in different 
countries tried empirically to devise therapeutic interventions for preventing dam- 
age after freezing. The occurrence of clumping of the red cells had been observed 
many times previously, and this clumping played a great role in the considerations. 
Behind the gross picture of clumping, a series of different processes may be hidden. 

Knisely and Bloch (12) described “intravascular agglutination of erythrocytes 
in disease,” and stated, ‘‘a precipitate formed, which coated all the red cells, sticking 
them together in masses.”’ In a later paper by Knisely, Eliot and Bloch (13) the 
term ‘sludge’ is introduced, and they state: “‘It seems reasonable to suspect that the 
‘sludge’ initiator substances might be related to the substances capable of initiating 
blood clotting.” Lange and Boyd (23) thought it promising to attempt to prevent 
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the formation of ‘clots’ by heparinization, subsequently to exposure. They per. 
formed such experiments and concluded that “heparin administered during the period 
of circulatory restoration prevented gangrene in 16 rabbits, whereas all controls had 
complete gangrene of the part.” 

Quintanilla, Krusen and Essex (34) did not confirm these findings. Crismon 
(6) states that the group at Stanford University were unsuccessful in their attempts 
to repeat Lange and Boyd’s results, and Schumacker e/ al. (38) find it “‘is difficult 
to explain why in our experiments, with exposure of a smaller area for a shorter inter- 
val of time and with a more efficient method of anticoagulant therapy, the results 
were inferior to those reported by Lange and associates.’”’ Finally, also, Lange’s 
group (9) agree, stating: “‘After thawing there are characteristic vascular engorge- 
ment and conglutination of red cells’; and further, ‘Our observations confirm those 
of Essex and Quintanilla (8) who found that heparin did not prevent early clumping 
of red cells within the vessels.”’ 

Summing up, there seems to be final agreement that heparin does not influence 
the development of stasis. This conclusion further supports the argument that the 
early clumping in stasis is not a process related to thrombosis. Moreover, since 
stasis in itself is a sufficient cause of necrosis, through ischemia, it seems possible to 
conclude that heparinization is of very little if any importance for the prevention of 
necrosis after freezing. 

Agglutination is a process of clumping caused by specific substances of antibody 
nature, and the designation agglutination should be reserved for such processes. It 
would therefore be convenient to find other designations for the clumping of the red 
cells occurring in the early phases of stasis. Tannenberg and Fischer-Wasels (41) 
use the word ‘conglutination’, and the writer of the present review has tried to do 
the same, though with limited success only, because editors sometimes have changed 
the term during proofreading! A lack of terminological stringency evidently leads 
to confusion. The relationship between the two phenomena, conglutination in 
stasis and the ‘sludge’ formation of Knisely, is not yet established. 

In the paper by Friedman, Lange and Weiner quoted above, these authors main- 
tain their claim that “heparin prevents the development of gangrene after exposure 
to cold,” and they find this “‘an observation which supports the view that thrombosis 
is important in the pathogenesis of the lesions.” They further state: ‘‘Agglutinative 
thrombi, poor in fibrin, form and ischemic gangrene follows.’’ The problem of ne- 
crosis is thereby linked up with another and later process than stasis. The ‘agglu- 
tinative thrombi’ mentioned by Friedman, Lange and Weiner are probably the same 
bodies which in the literature often are called ‘hyaline thrombi’, and described in 
connection with a great many pathological processes. Kreyberg and Vermés (18) 
discussed these intravascular masses and pointed out that these ‘thrombi’ in many 
cases actually are the necrotic blood cells after stasis. They are not precipitated or 
coagulated in a separate process, but they are simply the red corpuscles, trapped in 
the vessels during stasis, and undergoing necrosis parallel with the other tissue ele- 
ments. They are not causing necrosis, but they are suffering necrosis as a part of 
the ischemic area. 

Quite another question again is secondary thrombosis, which may develop in. 
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the vicinity of an area damaged by freezing, as in the surroundings of any damaged 
part of the body. This, however, is not a part of the cold problem per se, but a 
question of a secondary complication, like infection. That heparin may be of im- 
portance for the prevention of such secondary thrombosis is probable, but this ques- 
tion is outside the scope of the present review. 

As previously stated, increased permeability is an important element in the 
development of stasis. Any means of controlling this factor may be of importance 
for the reduction of damage after freezing. Poulsson (33) made encouraging obser- 
vations with ‘pituitrin’ in the control of edema after application of mustard oil to 
the eyes of rabbits, and Halpern’s later experiments (10) with antihistamine sub- 
stances may have a bearing upon the problem of reducing the damage caused by cold. 
Fuhrman and Crismon (9c) found that rutin delays the onset, but does not prevent 
stasis. 

Ricker’s theory (35) that special hydrodynamic conditions are of paramount 
importance for the development of stasis has been supported by our own observa- 
tions. Recently Chambers and Zweifach (4) mention experiments with the injection 
of fever-producing toxins, where the arterioles become dilated while no change occurs 
in the normal rhythm of the vasomotion of the thoroughfare channels. This phe- 
nomenon is accompanied by hemoconcentration made evident by the close packing 
of blood cells in the collecting venules. A further study of the minute changes in 
the capillary bed may be of significance for learning how to control one factor of 
possibly great importance for the development of stasis. 

That changes in the blood flow may be of importance for the development of 
necrosis after freezing has for a long time been acknowledged, even if the finer mecha- 
nism was obscure. Accordingly, a series of pharmacological and surgical interven- 
tions have been proposed and tried, very often based upon vague theoretical con- 
siderations, and belonging rather to the group of empirical explorations. Most of 
these studies concern the later stages of frostbite and are outside the province of this 
review. 

Fuhrman and Crismon (gc) found that the following drugs and hormones were 
ineffective in the prevention of gangrene following frostbite. Vasodilator agents: 
carbon dioxide, nitroglycerine and acetyl-methyl choline chloride (Mechylol). 
Anticoagulants: heparin and dicumarol. Vasoconstrictors: epinephrine and/or 
synephrine. Steroid hormones: desoxycorticosterone and progesterone. Likewise 
alterations of blood volume, plasma colloidal osmotic pressure and extracellular 
phase volume by the use of whole blood transfusion, administration of concentrated 
human plasma albumin and intravenous injection of sodium chloride solutions, all 
failed to prevent gangrene following standard cold injury. 

From purely empirical observations some observers have stated that rapid 
thawing at body temperature, or even higher, reduces the loss of tissue after freezing. 
An extensive review is given by Adams-Ray and Clemedson (1), and recent experi- 
ments reported by Fuhrman and Crismon (9a). The latter authors also present 
evidence that casts and pressure dressings are of importance (gb), even if Crismon 
admits that Lange and his group were not able to confirm the findings. 

Natvig (31), in our laboratory, observed a considerably more destructive reac- 
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tion after X-ray irradiation on the sympathectomized, than on the control ear in 
rabbits. Accordingly, the present author made a series of experiments to study the 
effect of sympathectomy on the development of reactions after freezing (15). The 
main conclusions were that the vascular reactions to freezing after sympathectomy 
follow a different course from the reactions in the normal control ear. This differ- 
ence is manifested by a more rapid and more abundant development of edema. The 
tissue reactions to the freezing varied in different individuals and in different areas 
of the same ear. The local changes leading to tissue necrosis in the frozen area were, 
with the doses in that experiment, mainly decided by the degree of the local insult. 
The tissue reactions were slightly more violent on the sympathectomized side, but 
the final damage was not altered, as measured with the technique used. Réden 
(37) froze rabbits’ limbs and performed periarterial sympathectomy immediately 
after the termination of the exposure. He observed the same increase in general 
edema, and further, a permanent damage, which was not present in the control limb. 
These experiments give no support for the treatment of early damage due to cold by 
sympathectomy. The object there is not to increase but to decrease the vascular 


reaction. 

The effects of local damage due to cold comprise a series of fundamental physi- 
ological and pathological reactions. The studies of recent years have added a number 
of observations, and at the same time shown the complexity of the problem. This 
will still for a number of years be a fascinating research field for the clinician, as well 


as for the pathologist. 


REFERENCES 


1. ApaMs-Ray, J. AnD C. J, CLemepson. Acta Chir. Scandinav. 89: 527, 1944. 
1a. BLackwoop, W. AND H. Russeti. Edinburgh M. J. 50: 385, 1943. 
2. Brown, E. anp E. M. Lanpis. Am. J. Physiol. 149: 302, 1947. 
3. Brown, E., C. S. WisE AND E. O. WHEELER. J. Clin. Investigation 26: 1031, 1947. 
4. CHAMBERS, R. AND B. W. Zweiracu. Pirysiol. Rev. 27: 436, 1947. - 
5. CoHNHEIM, J. Neue Untersuchungen uber Entzundung. Berlin: 1873. 
6. Crismon, J. M. Science in World War II. Advances in Military Medicine. Committee on 
Medical Research, OSRD, p. 176. Boston: Little, Brown & Co., 1948. 
7. Errorm, H. Experimental Studies on the Susceptibility of Certain Mouse Tumours to Lowered 
Temperature In Vivo. Copenhagen: 1946. 
8. Essex, H. E. anp R. QUINTANILLA. Federation Proc. 5: 25, 1946. 
g. FrrEpMAN, N. B., K. LANGE AND D. WEINER. Am. J. M. Sc. 213: 61, 1947. 
ga. FouuRMAN, F. A. AnD J. M. Crismon. J. Clin. Investigation 26: 476, 1947, L. 
ob. FunrMan, F. A. anp J. M. Crismon. J. Clin. Investigation 26: 486, 1947, II. 
oc. FUHRMAN, F. A. AND J. M. Crismon. J. Clin. Investigation 27: 364, 1948. 
10. HALPERN, B. N. Acta Allerg. 1: 3, 1948. 
11. HAXTHAUSEN, H. Cold in Relation to Skin Diseases. Copenhagen: Levin & Munksgard, 1930. 
12, Knisety, M. H. anp E.H. Biocn. Proc. Inst. Med. Chicago 15(12): 1944. 
13. Knisety, M. H., T. S. Extor anp E. H. Brocu. Arch. Surg. 51: 220, 1945. 
14. KrREYBERG, L. Lancet 1: 338, 1946. 
15. KREYBERG, L. Arch. Pathol. 45: 707, 1948. 
16. KreyBeRG, L. Acta path. et microbiol. Scandinav. In press. 
17. KREYBERG, L. AND P. Rotnes. Compt. rend Soc. de Biol. 106: 895, 1931. 
18. KREYBERG, L. AND E. VErmEs. Acta path. et microbiol. Scandinav. 23: 265, 1946. 
19. Krrece, H. Virchow’s Arch. f. path. Anat. 116: 64, 1889. 


April 1949 TISSUE DAMAGE BY COLD 1607 


31. 
32. 


33- 


. Kyrze, J. In Die Schadigungen der Haut, by K. Ullman. Leipzig: Leopold Voss, 1922. 
. Lake, N.C. Lancet 2: §57, 1917. 
. Lanpis, E. M. anp J. H. Grppon. J. Clin. Investigation 12: 105, 1933. 


LANGE, K. AND L. J. Boyp. Surg., Gynec. & Obstet. 80: 346, 1945. 
LANGE, K., D. WEINER AND L. J. Boyp. Am. Heart J. 35: 238, 1948. 


. LERICHE, R. Paper read in proof. Paris, 1945. 
. Lewis, T. The Blood Vessels of the Human Skin and Their Responses. London: Shaw & Sons, 


1927. 


. Lewis, T. Brit. M. J. 2: 795; 837; 869, 1941. 

. Lewis, T. Clin. Sc. 4: 349, 1942. 

. Lister, J. Phil. Trans. Roy. Soc. 148: 645, 1858. 

. MARCHAND, F. Handbuch der allgemeinen Pathologie. NUrsg. von L. Krehl und F. Marchand. 


Leipzig: S. Hirzel, 1908. 

Natvic, P. Acta pathol. et microbiol. Scandinav. 26 (Suppl.): 239, 1936. 
PicKERING, G. W. Heart 16: 115, 1932. 

Poutsson, L. T. Arch. f. exper. Path. u. Pharmakol. 120: 120, 1927. 


34. QUINTANILLA, R., F. H. KRuseN AND H. E. Essex. Am. J. Physiol. 149: 149, 1047. 


35- 


36. 


RickER, G. I: 457, 1924. 
RiscuHpier, A. Beitr. 2. path. Anat. u. z. allg. Path. 28: 541, 1900. 
R6DEN, S. Personal communication. 


37a. RotNEs, P. L. AND L. KREYBERO. Norsk. Mag. Laegevid. 93: 641, 1932. 
37b. Rotnes, P. L. AND L. KrEYBERO. Acta. path. et microbiol. Scandinav. 11 (Suppl.): 163, 1932. 
38. SCHUMACHER, H. B., B. H. Wants, E. L. WRENN, A. R. CORDELL AND T.S. SANFORD. Surgery 


39- 
40. 


41. 


42. 


43. 


22: QOO, 1947. 
SmitH, J. L., J. Rircure anv J. Dawson. J. Path. & Bact. 20: 159, 1915-1916. 

Stray, K. Investigations of the Reaction of the Skin to Cold. Oslo: Skrift. d. Norske 
Videnskaps-Akad., 1943. 

TANNENBERG, J. AND B. FIscHER-WASELS. Handbuch der Normalen und Pathologischen Phys- 
iologie. Berlin: Julius Springer, 1927. 

ULtMANN, K. Handbuch der Haut und Geschlechtskrankheiten. Berlin: J. Judassohn, 1932. 
Unctey, C. C. W. Bracxkwoop. Lancet 2: 447, 1942. 


44. WENTSCHER, J. Beitr. 2. path. Anat. u. 2. allg. Path. 24: ror, 1898. 
45. WreTInG, — Zentralbl. f. Chir. 40: 593, 1913. 


a1 
22 
23. 
24 
25 
| 
27 é 
28 
29 7 
3 
= 
= 


REACTIONS OF BRITISH ANTI-LEWISITE WITH ARSENIC 
AND OTHER METALS IN LIVING SYSTEMS 


L. A. STOCKEN anp R. H. S. THOMPSON 


From the Department of Biochemistry, Oxford University, and the Depariment of 
Chemical Pathology, Guy’s Hospital 
OXFORD AND LONDON, ENGLAND 


OR an understanding of the nature of the action of arsenic on pathological 

micro-organisms such as Treponema pallidum, or of its toxic effects in man, it is 

clear that knowledge is needed not only of the nature of the biochemical defect 
which it produces in the life of the cell, but also of the chemical grouping or groupings 
with which it reacts. The problem is therefore chemical as well as biochemical in 
nature, and the identity of the ‘chemo-receptors’ for arsenic inside the cell has been 
sought since this chemical conception of the mode of action of arsenic was first given 
clear expression by Ehrlich (41). 

The present review centers round the discovery during World War II of the 
pronounced antidotal properties of a dithiol, 2:3-dimercaptopropanol (British Anti- 
Lewisite, or BAL), against poisoning by a variety of arsenic-containing compounds, 
and, later, the extension of this work to poisoning by other metal compounds. 

_ As these properties of dithiols were worked out with arsenic compounds in the 
first instance, it is proposed to trace the development of dithiol therapy from the 
early work relating the mode of action of arsenic to reaction with SH groups in the 
tissues of the body. . 


BIOCHEMICAL LESION IN ARSENICAL INTOXICATION 


Onaka (116) in 1911, working in Warburg’s laboratory, seems to have been one 
of the first to attempt to bring the poisonous action of arsenic into line with specific 
functional effects produced upon the cells of the body. He showed that the addition 
of 0.0003 per cent sodium arsenite to nucleated red blood corpuscles caused a marked 
fall in their oxygen consumption, and suggested that the mode of action was identical 
with that of cyanide. 

Dresel (32) next showed that the rates of respiration of certain rat tissues (liver, 
kidney and testis) and of Jensen sarcoma were powerfully inhibited by low concen- 
trations of arsenite; with yeast both respiration and anaerobic glycolysis were found 
to be sensitive, although the anaerobic glycolysis of Jensen sarcoma was only slightly 
inhibited. 

In 1930 Szent-Gyorgyi (172) attempted to analyze this effect of arsenite on 
cellular respiration, and demonstrated that it is not due to inhibition of the activation 
of oxygen by cytochrome oxidase. Using minced rabbit liver he stated that al- 
though the addition of 0.00013 m As,O; produced 59 per cent inhibition of respiration, 
the oxidation of p-phenylenediamine, which was entirely inhibited by low concen- 
trations of cyanide, was quite insensitive even to 0.01 M arsenite. He also reported 
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that the oxidation of succinate is unaffected by ‘high concentrations of arsenite.’ 
In later work (4) a variety of different minced mammalian tissues was investigated; 
no specific dehydrogenase systems were studied, but it was concluded that arsenite. 
brings about its effect on cell respiration by inhibiting the activation of hydrogen. . 

Voegtlin and his colleagues (186) next extended this work to cover the toxic 
effects of therapeutic arsenoxides. The influence of a series of pentavalent and tri- 
valent arsenicals was examined, using various normal rat tissues, Jensen sarcoma and 
yeast. All the pentavalent arsenicals tested (arsenate, tryparsamide, 3-amino-4- 
hydroxyphenylarsonic acid and 4-hydroxyphenylarsonic acid) were found either to 
exert no influence on the oxygen consumption or to produce only a slight inhibition. 
The trivalent arsenoxides (e.g. ‘mapharsen,’ the hydrochloride of 3-amino-4-hydroxy- 
phenylarsenoxide) on the other hand produced a substantial inhibition of all the 
systems studied both in the presence and absence of glucose. These results are of 
considerable interest in relation to the pharmacological action of arsenicals as studied 
by Voegtlin and Smith (187, 188). It was concluded by these workers that the arseni- 
ous oxides (RAsO) are to be regarded as the active form of arsenic, and that the 
arsphenamines (RAs-AsR) and the pentavalent compounds (RAsO;H:2) must first 
be converted inside the animal body by oxidation or reduction into the active RAsO. 
form. This biochemical transformation is carried out slowly, as is shown by the ~ 
latent period of several hours in the trypanocidal action and the time of appearance 
of toxic symptoms in the host produced by these compounds; since the tissue-respira- 
tion experiments lasted only two hours, insufficient time was evidently allowed for 
the reduction of the pentavalent arsenicals, and there was consequently little or no 
effect on oxygen consumption. 

Crasnaru and Gavrilescu (26), however, have claimed that novarsenobenzene 
(3:3’-diamino-4: 4’-dihydroxyarsenobenzene-N-methylene sulphinate) does diminish 
the respiration of rat brain tissue, although exerting no inhibitory action on the 
respiration of muscle. 

More recently the effects of arsenic on specific enzyme systems have been exam- 
ined. In 1933, Krebs (84) put forward the*view that arsenite is a specific inhibitor 
for the oxidation of a-keto acids; his only apparent evidence for this was obtained in 
the course of experiments on the deamination of amino-acids. He found that rat 
kidney slices can rapidly bring about an oxidative deamination of amino-acids, and 
that in the presence of o.oor M arsenite the corresponding a-keto acids accumulate. 
Later Krebs and Johnson (85), showed that M/100 arsenious oxide inhibits the oxido- 
reduction of pyruvic acid to acetic acid, lactic acid and carbon dioxide. These. 
workers (86) also used arsenite to demonstrate the formation of a-keto-glutarate 
during the oxidation of citric acid by pigeon breast muscle, while Thomas (175) used 
it to allow the accumulation of pyruvic acid formed from various intermediaries by 
pigeon muscle. In 1935 Jowett and Quastel (80) found that o.oo1 m arsenite de- 
presses both the oxygen consumption and the formation of acetoacetate from fatty 
acids by guinea-pig liver, and Quastel and Wheatley showed that 2.5 X 10-4 M 
arsenite inhibits the breakdown of acetoacetate by guinea-pig kidney (129). Potter 
and Elvehjem (127) studied the influence of m/300 arsenite on the oxygen uptake of 
yeast in the presence of a series of substrates, and obtained an almost complete inhi- 
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bition of oxidation of glucose, lactate and pyruvate. In the following year they 
(127a) studied the effect of arsenite on the succinoxidase system of chicken kidney, 
and, contrary to the earlier findings of Szent-Gyorgyi (172), claimed that this system 
was also sensitive to arsenite. 

Using the methylene blue technique, Das (29) claimed that 0.125 m arsenite 
causes marked inhibition of both the lactate and malate dehydrogenases of pigeon 
breast muscle; Green and Brosteaux (64), however, had shown that more than twice 
this concentration had no effect on the lactate dehydrogenase of pig-heart muscle, 
while Green (63) found that a 0.03 M concentration actually caused an activation of 
the malate enzyme. 

In 1941 Ochoa (113) showed that the fumarate-catalysed oxidation of pyruvate 
by brain dispersions, and also the accompanying phosphorylation of glucose, are 
inhibited by low concentrations of arsenite. He concluded that the inhibition of 
phosphorylation is secondary to that of pyruvate oxidation, since 0.008 m sodium 
arsenite has no effect on the phosphorylation of glucose by transfer of phosphate 
from phosphoglyceric acid. 

The actions of sodium arsenite and some other arsenicals on a small number of 
enzymes other than those concerned in the oxidation-reduction mechanisms for car- 
bohydrates and related substances have also received some attention: urease (137); 
maltase (136); pepsin (155); cathepsin (103); liver nuclease (105); amine oxidase 
(128); serum lipase (78); choline esterase (104) and mucinase (135) have all been 
investigated. 

In a recent publication Gordon and Quastel (59) have reported that organic 
arsenoxides of the type RAsO are inhibitors of choline dehydrogenase, and have 
confirmed the earlier finding that the oxidation of pyruvate, and possibly of other 
a-keto acids, is markedly arsenic-sensitive. 

From this brief survey of scattered observations in the literature it is clear that 
a considerable number of animal enzymes are arsenic-sensitive. At the same time 
there are no reports of any attempts to define by comparative measurements the 
specificity of the attack of arsenic upon living cells in terms of the relative sensitivity 
of different essential enzyme systems. ; 

When work on the mode of action of arsenic was resumed under Peters’s direc- 
tion in 1939 it was decided that this was one of the first questions to attempt to 
answer. His earlier work (120, 124) had shown that iodoacetate selectively inhibits 
pyruvate oxidation in brain tissue, and in 1936 Peters (117) reported that traces of 
arsenite exert a similar effect. Using both sodium arsenite and §-chlorovinyldi- 
chloroarsine (lewisite), a number of enzyme systems related to carbohydrate metab- 
olism were studied by Peters ef a/. (121) in order to map out their relative sensitivity 
to inhibition by these arsenicals. Of the enzymes studied the pyruvate-oxidase 
system proved outstandingly the most sensitive both in brain and also in skin (176), 
a tissue which was at the time of particular interest on account of the problems of 
lewisite vesication. The succinate, lactate and a-glycerophosphate dehydrogenases, 
for example, were hardly affected by concentrations (0.034 mM.) of arsenicals which 
produced an almost complete inhibition of the pyruvate-oxidase system of brain. It 
was further concluded from this work that these arsenicals were reacting with a pro- 
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tein component of the pyruvate-oxidase system and not with any of the co-enzymes 
concerned with this system, as represented by cozymase, cocarboxylase and flavine- 
adenine dinucleotide. 

The neurological manifestations which occur in certain cases of chronic arsenical 
intoxication are in many respects similar to those of vitamin B; deficiency (150), and 
it is of interest that i” viiro evidence has also been obtained pointing to a similarity 
in the underlying biochemical derangement occurring in the two conditions, although 
operating at different points: an absence of an essential co-enzyme in the case of the 
latter, and a presumed inactivation of an essential protein in the former. In ad- 
vanced vitamin B, deficiency im vivo evidence of the defect in pyruvate metabolism 
is shown by the marked elevation of the level of pyruvate in the blood (179). A 
similar raised blood-pyruvate level has been shown to be present in animals during 
either acute or chronic poisoning with sodium arsenite or after heavy contamination 
of the skin with lewisite (121). In man also, it has recently been reported that the 
blood-pyruvate level is elevated during arsenical intoxication (146). 

These findings are in harmony with the earlier statements that arsenical poison- 
ing is accompanied by derangements of carbohydrate metabolism. Oelkers (114), 
for example, had shown in 1939 that a rise of blood sugar occurs in rabbits within one 
hour of the injection of toxic amounts of inorganic or organic compounds of arsenic. 

From the functional point of view, therefore, it would seem that inhibition of 
pyruvate oxidation in the tissues is one of the early and outstanding biochemical 
changes produced in arsenical intoxication. Moreover, from a consideration of the 
central position which pyruvic acid is now known to occupy in the metabolism of the 


cell (119) it is not surprising that a failure of its normal oxidation leads to far-reaching 
results. 


CHEMICAL REACTIONS OF ARSENIC WITH CELL CONSTITUENTS 


From the relatively small number of enzymes which have been studied in detail 
it would appear that the action of arsenic has a certain similarity to that of iodo- 
acetate; thus, it has been shown (120) that the pyruvate-oxidase system of brain is 
sensitive to this poison at a concentration which leaves the lactate and a-glycero- 
phosphate dehydrogenases almost unaffected (75). The unpurified succinoxidase 
in muscle is also relatively insensitive to the action of iodoacetate (31). 

Since the demonstration by Dickens (30) in 1933 that iodoacetate combines 
with the thiol groups in cysteine and reduced glutathione, results published by many 
authors have led to the view that whenever iodoacetate inhibits the activity of a 
biological system it does so by reaction with thiol groups present in that system and 
necessary for its normalfunction. In support of this view, Rapkine (131a) has shown 
that iodoacetate will also react with the thiol groups in proteins. Michaelis and 
Schubert (110) and Schubert (145) have further shown that although iodoacetate 
will combine with amino groups the rate of combination is very much slower than 
with thiol groups. 

If this similarity between the actions of iodoacetate and the arsenicals on respir- 
atory enzyme systems is real it might therefore be expected that arsenic also exerts 
its toxic action by combining with the thiol groups in certain enzymes, and it was 
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demonstrated early in the war by Peters and Wakelin (125) and later by Barron and 
Singer (9) that thiol groups are present in the pyruvate-oxidase system, and are essen- 
tial for its functioning. From the previous work of Peters (118) on the toxic effect 
of diethyldichlorosulphone on the pyruvate-oxidase system and on its ability to 
combine with thiol groups, a connection had been established between the inactiva- 
tion of an enzyme, vesication and reaction with SH groups. 

_ As early as 1909 Ehrlich (41) had suggested, from theoretical considerations, 

that the ‘chemo-receptors’ for arsenic might be hydroxy] or thiol groups. Experi- 
mental evidence to support this speculation was later brought forward by Voegtlin 
and his associates (184). In 1923 they were able to show that the trypanocidal 
action of 3-amino-4-hydroxyphenylarsenoxide (‘arsenoxide’ or ‘mapharsen’) could 
be counteracted with the addition to the trypanosome suspensions of cysteine, reduced 
glutathione or other simple monothiols. About the same time, Walker (189), working 
under Peters’s direction, found that the addition of di-substituted arsenicals, such 
as diphenylchloroarsine, to dried muscle powders (74) containing so-called ‘fixed’ 
SH groups (i.e., thiol groups in protein molecules) led to the inhibition of certain 
catalytic effects shown by these preparations; this was traced to the rapid disappear- 
ance of the SH reaction of the muscle powder, and was considered to be related to the 
toxic action of the arsenical, as there was a marked correlation between capacity for 
abolition of the fixed SH reaction and degree of irritancy. 
In Walker’s earliest work there was no complete proof that the inhibition of the 
SH reaction was due to combination of the thiol groups with the arsenical; subse- 
quently, after the development of his cyanide test (190) for disulphide groups, it 
became clear that after removal of the SH reaction by the addition of arsenicals no 
recovery was brought about by treatment with cyanide, suggesting that a combina- 
tion might have taken place. 

It was further shown by Voegtlin e/ al. (185), that the toxic action of arsenoxide 
in rats could be diminished or prevented by the intravenous. injection of glutathione 
immediately before the administration of the arsenical. In both trypanosomes and 
rats however a large excess of glutathione was required to abolish the effects of the 
arsenoxide, a ratio of 10 moles of glutathione to 1 of arsenoxide being necessary, 
while in the case of sodium arsenite it was found that a ratio of 40:1 was required to 
abolish trypanocidal activity (138). These workers also showed (186) that the reduc- 
tion in oxygen consumption of animal tissues (rat testis, liver and kidney) caused by 
arsenoxide could be prevented by the addition to the system of reduced glutathione 
in a ratio of 10 moles to 1 of arsenoxide; but again, when sodium arsenite was used 
instead of arsenoxide, 40 moles of glutathione were required, a ratio of 10:1 being 
entirely without effect... 

More recently this work has been extended by Eagle (36), who has shown that 
glutathione is also capable of abolishing the anti-spirochaetal action of arsenoxide; 
in this case also a large excess of glutathione was required (GSH: As = 10:1); cysteine 
was found to be less effective, even 12 to 14 moles failing to abolish the activity 
entirely. 

Schmitt Skow (143) the ability of monothiols to prevent the 
toxic action of arsenite. on the medullated nerves of frogs. They found that while 
cysteine and reduced glutathione delayed the extinction of the nerve action potential 
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produced by arsenite, in no case were they able to prevent the eventual extinction 
of the action potential, regardless of the ratio SH:As. Nor was it possible by the 
addition of these monothiols to produce any recovery once the action potential had 
been abolished by arsenite. They also claimed that a large excess of cysteine (150: 1) 
was unable to prevent the inhibition of respiration of nerve produced by arsenite. 

In the early work Walker (191) demonstrated that sodium thioglycollate had 
an inhibitory effect on the toxic action of diphenylchloroarsine on Glaucoma, he later 
showed that if monothioethylene glycol was added at the end of 3 minutes to a culture 
that had received a 3-minute lethal dose of diphenylchloroarsine rapid revival of the 
organisms occurred, but was followed by death in 1 to 2 hours. 

It seems clear, therefore, that under the various conditions used by these workers 
an excess of a simple thiol compound, such as glutathione, is able to protect, to a 
certain extent, a variety of biological systems against the toxic effects of arsenoxide, 
and to a lesser extent against the effects of sodium arsenite. 

Voegtlin, Dyer and Leonard had, moreover, suggested that in addition to this 
inability to combine with simple thiols arsenic might also react with thiol groups 
present in proteins, and Rosenthal (139) obtained evidence that trivalent arsenic 
could not be ultra-filtered from suspensions of heat-coagulated proteins containing 
thiol groups, and that the nitroprusside reaction of these protein suspensions and of 
washed muscle powder and washed minced liver suspensions could be caused to disap- 
pear by treatment with arsenoxides. 

In view of these findings, when work on the arsenical vesicants was actively 
taken up in 1939 it was clear that thiols should be further studied to discover whether 
any degree of protection was afforded by them against lewisite as had been shown to 
be the case with the therapeutic arsenicals, In vitro, lewisite had been found signifi- 
cantly more toxic to the pyruvate-oxidase system than either sodium arsenite or the - 
therapeutic compounds, and when, using this system, simple monothiols were tested 
it was found that no protection was afforded against lewisite, even when the thiols 
were present in concentrations up to 200 times that of the lewisite (151). 

With arsenicals of relatively low toxicity, therefore, excess of simple thiols can 
bring about a limited degree of protection, but when more toxic compounds such as 
lewisite are used all the thiols, which up to that time had been used, are ineffective 
even when present in large excess. From these results it seemed that further infor- 
mation was needed concerning the nature of the reaction between arsenicals of differ- 
ent types and thiol-containing proteins. Cohen, King and Strangeways (24) had 
already shown that different arsenicals behave in vitro in very different fashions to- 
wards thiol compounds. These authors, in addition to clearing up many of the 
anomalies which existed in the literature with respect to the nature of the reaction 
between arsenicals and thiols, established the fact that the equilibrium of the reaction 
RAsO + 2R’/SH = RAs(SR’)2 + HO depends on the hydrogen ion concentration, 
acid shifting it to the right and alkali to the left. It can also be seen from their data 
that different thioarsinites undergo different degrees of hydrolysis at the same px; 
for example, di(glutathionyl)-benzamide-p-thioarsinite was said to give a negative 
nitroprusside test in sodium bicarbonate solution, while 
ilide-p-thioarsinite gave a feeble one. 

This work was continued and given greater biochemical importance by Strange- 
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ways (168), who studied the extent to which aromatic thioarsinites were dissociated 
under physiological conditions. She was able to show that the lethal activities of 
equimolar solutions of di(glutathionyl)-3-amino-4-hydroxyphenylthioarsinite and 
the parent arsenoxide were identical. Moreover, using the dilution of arsenoxide 
employed by Voegtlin ef al. (184), she confirmed their observations that complete 
inhibition of the toxic action could be obtained with 10 mols. of glutathione, but 
found that on using more dilute solutions of arsenoxide the protection afforded by 
10 mols. of glutathione became less complete; finally at high dilutions no protection 
was observed at all. In concentrated solution the excess of glutathione favours the 
formation of the thioarsinite, while in more dilute solutions the great preponderance 
of water molecules brings about hydrolysis with liberation of the toxic arsenoxide. 
Also relevant in this connection is the work of Voegtlin e/ al. (186) who stated that 
tricysteinylarsine, first prepared by Labes (88), was as toxic to the respiration of 
testis as the original arsenical. 

From the later work on the reaction between arsenicals and kerateine described 
below it is now clear that the inability of the monothiols to protect against the more 
toxic arsenicals lies in the different degree of dissociability of the simple thioarsinites 
and the protein thioarsinites which are formed with cell constituents. 


INTRODUCTION OF DITHIOLS AS ANTIDOTES 


In studying in more detail the interaction between arsenicals and thiol-containing 
proteins it was first shown that when compounds such as §-chlorovinylarsenoxide 
(‘lewisite oxide’) react with the soluble protein kerateine under physiological condi- 
tions of hydrogen ion concentration and temperature, the arsenic content of the 
derived protein depends on and is directly related to the SH content of the original 
kerateine; further, the analytical figures showed that approximately 75 per cent of the 
arsenic present had combined in the proportion of 1 As: 2 SH (164). Since the pro- 
tein thioarsinite was comparatively stable to dialysis and. since kerateine readily 
undergoes oxidation to the disulphide form, it seemed possible that the arsenic had 
combined with two SH groups closely placed on the same molecule to form a large, 
relatively strainless ring. From these considerations it followed that, in order to 
displace arsenic from its cyclic combination with proteins such as kerateine, the 
presence of competing dithiols, which could form even more stable cyclic compounds 
than the protein, would be necessary. The most likely dithiols were those containing 
1:2 or 1:3 substitution, which would therefore give rise to five- or six-membered 


rings of the types: 


C——S C——S 
\ 
As— or C As— 
C——S C——S 


A number of dithiol compounds were therefore prepared and put to the test as possible 
antidotes for lewisite. An initial chemical justification for the ring hypothesis men- 


— 
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tioned above was obtained by showing that the relative stabilities of monothiol- 
thioarsinites, protein-thioarsinites and dithiol-thioarsinites increased in this order. 
Further, in vilro experiments with the pyruvate-oxidase system showed that dithiols 
were not only able to protect against the inhibitions produced by lewisite and other 
arsenicals, but also reversed the toxicity, regenerating the enzyme in its active form, 
after a period of poisoning by the arsenical (165). 

For the application of dithiol therapy to man, 2:3-dimercaptopropanol was 
selected from the other dithiols which had at that time been studied in this connec- 
tion. This choice was made on account of its Jower toxicity, and because its physical 
properties were suitable for the purpose then in view, namely the treatment of skin 
contaminated with lewisite. 

BAL was therefore first tested for its ability to bring about the survival of rats 
and guinea-pigs after the application of lethal doses of lewisite to the skin, or the 
injection of lethal doses of sodium arsenite. It was also shown that, in addition to 
its ability to cause the survival of such animals, treatment with BAL caused an in- 
creased elimination of arsenic in the urine (166). This finding has since been studied 
in some detail in man (ride infra). 

In search of further evidence in support of the ‘ring hypothesis’ of arsenical 
toxicity which developed in the course of this work, Whittaker (195) synthesized a 
series of a:w-dithiols from ethane to dodecane-dithiol and compared their relative 
antidotal efficiencies. In agreement with the existing views regarding the ease of 
formation of cyclic compounds of different ring sizes he found that dithiols forming 
5- or 6-membered rings with the arsenical were also the most effective antidotes. 

The comparison of mono- and dithiols in the protection of enzyme systems from 
inhibition by lewisite has also yielded results suggesting that certain enzymes may 
themselves be regarded as mono- or dithiol in type (178). The different sensitivity 
of two ‘SH enzymes’, the pyruvate-oxidase system and the succinate dehydrogenase, 
has already been referred to. Also, while no monothiol has yet been found which, 
under the conditions used by Peters et al. (121), is capable of protecting effectively 
the pyruvate system, cholinesterase, which is also sensitive to arsenic, (104, 177) 
can be protected almost equally effectively by either mono- or dithiols. These two 
sets of facts suggest that the pyruvate oxidase system contains a ‘dithiol enzyme’ 
whereas cholinesterase is a ‘monothiol enzyme’. 


CHEMISTRY OF THE DITHIOLS 


The very considerable amount of work carried out during the war on the prepara- 
tion and production of dithiols has not as yet been fully described in the literature, 
and in consequence this review cannot do justice to all the workers concerned. 

The aliphatic dithiols are most satisfactorily prepared from the corresponding 


. halogen compound and sodium or ammonium hydrosulphide. The reaction is car- 


ried out in alcoholic solution, and in order to avoid gross contamination of the product 
with complex sulphides it is essential to employ a closed system (162, 77). It is of 
interest to note that, subsequent to the work in Oxford, Sjéberg (152) independently 
prepared 2:3-dimercaptopropanol by means of potassium thioacetate, but the yield 
obtained was significantly lower. Thioacetate is of more value in special circum- 
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stances, and was employed with success by Ellingboe, Pavlic, Signaigo and Lazier 
(42) for the preparation of 2:3-dimercaptopropionic acid, and by Whittaker (195) 
for 1:4-butane dithiol. One further method for the production of vicinal dithiols 
was devised by Meade and Woodward (109) who obtained ethane dithiol by the addi- 
tion of H2S to ethylene sulphide. So far as we are aware all other reagents which 
lead to monothiols fail when applied to the preparation of dithiols. 

Although BAL can be distilled in vacuo in comparatively small quantities, on 
the large scale it is advantageous to add ammonium salts (52), or carboxamides (132), 
as stabilizers. Most of the dithiols are more soluble in fat solvents than in water, 
and attempts have been made to prepare water-soluble derivatives possessing equal 
therapeutic efficiency and lower toxicity. By condensation with methylol derivatives 


of secondary amines or amino-acids Kharasch and Weinhouse ita) obtained com- 
CH.SH 


pounds such as CHS-CH2N R'R? which although highly water soluble are of less 


value in other respects. 

More recently Danielli et ai. (28), prepared BAL-glucoside (BAL-Intrav), 
CH.SH -CH SH-CH,OC,HO;, a compound with very low toxicity and, on account 
of its water-solubility, more suitable for intravenous injection. 

The dithiols condense with substituted dichlorarsines or arsenoxides to give 

CH2—S\_ 
derivatives of 1:3-dithia-2-arsacyclopentane, | AsR and 1:3-dithia-2-arsa- 


cyclohexane, CHe AsR, as shown by Stocken (162) and by Peters and 
Stocken, (123). Two compounds of the former class were earlier described by 
Cohen et al. (24). 
With carbonyl compounds the dithiols form dithiolanes and dithianes. 


CH:——S CH:——S 
CR'R? and RCH CR'R? 
“fi \ 
RCH——S CH;——S 


A number of metal salts react with dithiols to give either intense colors or pre- 
cipitates (159, 7), and the reaction with cobalt has been employed for the estimation 
of BAL (13, 159). The reaction with cadmium has been studied in some detail by 
Gilman et al. (55). | 

The effect of catalytic amounts of heavy metals on the oxidation of dithiols has 
been described by Barron ef al. (7). These authors found that copper was the most 
powerful catalyst, and also showed that when iron porphyrins were used as catalysts 
the porphyrin ring was opened; in view of the immediate reduction of methemoglobin 
by BAL they suggested that the reaction could be utilised for the treatment of 
methemoglobinemia. 


— 
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i In the course of a study of the nephrotoxic action of tetrathionate Gilman and his 

associates (56) found that under in viiro conditions BAL was oxidized to the disul- 
phide with simultaneous reduction of the tetrathionate to thiosulphate. 

In addition to the cobalt reaction already mentioned other methods have been 
‘described for the estimation of dithiols. Barron et al. (7) have determined dithiols 
by spectrophotometric measurement at 6900 A of the ferrocyanide formed as Prussian 

blue by reduction of ferricyanide. Aldridge (1) found that dithiols react with cyan- 
ogen chloride to produce unidentified compounds which liberate thiocyanate on 
treatment with alkali, the estimation of the dithiol being thereby reduced to the 
estimation of thiocyanate, for which micro-methods are available. Chowdhury 
.(in press) has recently proposed an enzymic method based on the protection of urease 
against the toxic action of mercuric chloride. In conclusion, however, it must be 
stated that as yet there is no specific method for the estimation of vicinal dithiols in 
general or of BAL in particular. 
‘» Since BAL possesses an asymmetric carbon atom it would be of interest to know 
whether the optical enantiomorphs have different toxicities, and a considerable effort 
has been directed by Snyder (156) towards the resolution of BAL. Although he 
‘obtained the strychnine salts of the formaldehyde derivatives in an optically pure 
‘state the regeneration of the BAL proved unsuccessful. 


PHARMACOLOGY AND TOXICOLOGY OF BAL 


In view of the effectiveness of 2: 3-dimercaptopropanol in preventing vesication 
of human skin by lewisite, even when applied as late as one hour or longer after con- 
‘tamination (165, 181), work was early undertaken on the pharmacology and toxi- 
cology of the compound. 

The LDso dose of BAL for laboratory animals appears to be between 50 and 
150 mg/kg. when administered parenterally. When dissolved in propylene glycol 
‘and injected intramuscularly into white rats Stocken and Thompson (165) obtained 
an LDgo of 113 mg/kg. Graham (60), however, has recently shown that quite large 
‘sub-lethal doses may be given to young rats repeatedly with little if any evidence of 
toxic effects, and without effect on appetite or rate of growth. The doses he used 
‘were 10 mg/kg. for periods up to 56 days, and 50 mg/kg. up to14 days. The thyroid 
glands were slightly heavier in the injected rats than in the controls, indicating a 
slight degree of goitrogenic activity; no evidence of liver or kidney damage was 
detected. Using dogs, Macnider (98), on the other hand, produced fatty lesions of 
the liver by administering doses of 20 mg/kg. twice daily for 4 days, although doses 
of 5 mg/kg. were tolerated well. 

The mortality rate of rats injected with BAL has been shown to be markedly 
influenced by the temperature of their environment, the mortality being minimal at 
17.2°C. (107). 

Chenoweth (19) carried out a study of the action of 2: : 3-dimercaptopropanol o1 on 
the cardio-vascular system. He showed that the intravenous or percutaneous ad- 
ministration of small doses to cats caused a rise in blood pressure. Larger doses, 
however, produced signs of capillary damage and of peripheral vascular failure. It 
also caused a striking increase in the rate of lymph flow from the cervical and thoracic 
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ducts. In perfusion experiments with isolated organs Hitchcock (72) demonstrated 
that BAL produces a reversible constriction of the vessels of the cat’s limb. 

Krop (87) studied the actions of BAL on the isolated sartorius muscle of the frog, 
and was able to show that in concentrations of from M/s500 to M/2000 it caused a 
marked reduction or complete abolition of the oxidative heat associated with the 
contraction process. He also found that lactate accumulated in the fluid bathing 
the muscle. 

The toxic effects in animals of large doses of BAL have been studied by Dur- 
lacher et al. (34). - Toxic but sublethal doses of BAL given to mice, rats, guinea-pigs, 
rabbits and dogs, cause lacrimation and blepharospasm. In dogs salivation, retching 
and vomiting also occur. When still larger doses are administered muscle tremors 
develop, which may increase in intensity and become replaced by generalized tonic 
and clonic convulsions, together with a loss of co-ordination and ultimately coma. 
Once convulsions have developed it is rare for an animal to survive. The muscle 
tremors and convulsions are not the result of hypoglycemia, since it has been shown 
that the blood sugar is normal in animals exhibiting these signs, although shortly 
before death it may fall to hypoglycemic levels. Large doses of BAL produce a 
metabolic acidosis, as is shown by a fall in the pH and CO.-combining power of the 


blood together with an increased serum-lactate level; the blood amino nitrogen is 


also raised, while the liver glycogen content and liver potassium-level are lowered. 

Similar toxic symptoms are also produced in cats as noted by Modell ef al. (111), 
the earliest signs of poisoning being blinking, blepharospasm, lacrimation, conjunc- 
tival edema and salivation. Many of the toxic actions of BAL are, however, revers- 
ible; the above workers have shown, for example, that animals severely poisoned with 
%LDs0 dose may be symptom-free in about 5 hours. 

Chenoweth, Modell and Riker (20) and Fitzhugh ef al. (47) have also reported 
on the pharmacological properties and toxicities of a number of thiols related to 
2:3-dimercaptopropanol. Although in general many of the .toxic signs produced in 
experimental animals closely resembled those due to BAL, a number of distinct and 
interesting differences in the response of the animals was observed as a result of only 
minor changes in the structure of the thiol. 

An ‘explosive’ reaction characterised by motor and parasympathetic overactivity 
has been described in rabbits after the administration of sodium arsenite and BAL 
(83), but the manifestations of this reaction were short-lived, and none of the affected 
animals died. 

A detailed study of the effects produced in man by the injection of BAL was 
carried out by Modell, Gold and Cattell (112). These workers injected a 10 per 
cent solution of BAL in peanut oil containing 20 per cent benzyl benzoate intra- 
muscularly in single doses ranging from 3.0 to 8.0 mg/kg. and in repeated doses 
totalling from 8.0 to 20.0 mg/kg., these amounts being given in from 8 to to hours. 
They found that the minimum dose required to produce toxic symptoms was between 
3 and 5 mg/kg. As in the work with animals, lacrimation, blepharospasm and sali- 
vation were observed. Nausea, vomiting, paresthesia (burning and tingling) of nose, 
eyes, mouth and skin and pain (principally in the limbs, jaws, abdomen or head) also 
occurred. The blood pressure, both systolic and diastolic, was raised and the pulse 
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rate increased. Symptoms appeared rapidly after the injections, but usually disap- 
peared with two hours. Observations on subjects given repeated injections led to 
the conclusion that doses of up to 5 mg/kg. can be given at 3-hourly intervals without 
evidence of any cumulative action. Very similar results were obtained by Sulzberger, 
Baer and Kanof (169), who also studied the percutaneous toxicity to man and showed 
that more than 1 gm. of BAL, made up in a 3 per cent jelly, can be applied to large 
areas of skin without producing any signs of systemic poisoning; locally, the appli- 
cation of BAL or of 5 or 10 per cent BAL ointments produces in most subjects an 
evanescent erythema, and in some cases an urticarial reaction. It has been claimed 
that the unpleasant side-effects which sometimes accompany the intramuscular injec- 
tion of BAL can be prevented by the administration of adrenaline or ephedrine (183). 

In a further paper Sulzberger, Baer and Kanof (170) showed that the daily 
inunction of BAL into the skin for 14 days can produce a low-grade sensitization 
dermatitis; in all cases, however, the eruption subsided without treatment in less 
than 6 days after the last application. Repeated intramuscular injection of BAL 
also gave rise to a sensitization, as shown by the development of positive patch tests. 

A study of the tolerance to BAL of animals with experimentally produced im- 
pairment of hepatic and renal function has been carried out by Cameron, Burgess 
and Trenwith (14). They showed that animals with renal damage showed the same 
tolerance as normal animals and it was only when complete or almost complete failure 
of renal function was present that some lowering of tolerance was observed. Animals 
with hepatic damage, however, did show toxic signs, and in some instances died after 
receiving amounts of BAL well below the lethal amounts for normal animals. 

Turning to the biochemical effects produced by BAL, Webb and van Heyningen 
(193) showed that, with the exception of the cytochrome-oxidase system, BAL is an 
efficient inhibitor of metal-containing enzymes: polyphenol oxidase, carbonic anhy- 
drase, catalase and peroxidase are all powerfully inhibited by concentrations as low 
as 0.001 M. Hexokinase, functioning in the presence of sub-optimal amounts of 
magnesium ions is also inhibited by BAL, this effect being readily reversed by the 
addition of excess Mgt*. According to these workers the cytochrome system is not 
inhibited by BAL, but, instead, brings about its rapid oxidation. Barron, Miller 
and Meyer (8) have also studied the effect of BAL on enzyme systems, and have in 
general confirmed the results of Webb and van Heyningen; in contrast to the latters’ 
findings, however, Barron é/ al., using a spectrophotometric method, have stated that 
the oxidation of reduced cytochrome ¢ by cytochrome oxidase is inhibited by low 
concentrations of BAL. They also showed that the hypoglycemic effect of insulin 
in rabbits can be abolished by allowing the insulin to stand at room temperature in 
the presence of aqueous solutions of BAL; this inactivation is probably due to reduc- 
tion of the —SS—groups of the insulin molecule. 

Under in vitro conditions BAL delays the clotting of blood and is more active in 
this respect than either cysteine or glutathione; this effect is brought about by inac- 
tivation of prothrombin, possibly by the reduction of —SS— groups in the molecule 
(44). 

Since BAL is a powerful reducing agent it is capable of converting methemo- 
globin into hemoglobin, and it has been shown that it can reduce the degree of experi- 
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mentally produced methemoglobinemia in dogs (10), although it is not as effective 
in this respect as methylene blue. 


METABOLISM OF BAL 


In a preliminary study of the metabolism of BAL Stocken and Thompson (166) 

found that the injection of relatively Jarge doses into’rats or rabbits causes the excre- 
tion of a thiol (or thiols) in the urine; the amount of this thiol in the urine of rabbits 
appeared to reach a maximum at about 1-3 hours after the injection of a single dose 
of BAL. Its excretion was occasionally accompanied by a transient albuminuria, 
but no evidence was obtained of any serious or permanent functional damage to the 
kidney even after these large doses. 
_.. Using a colorimetric method (13, 157) based on the formation of the cobalt 
mercaptide, Spray ef al. (159) obtained further evidence suggesting that the excreted 
thiol is closely related to BAL, but is not identical with it. The fact that it is capable 
of protecting the brain pyruvate-oxidase system from inhibition by lewisite at con- 
centrations at which no monothiol has yet been found to be effective suggests that the 
derivative of BAL which is excreted in the urine is also a dithiol. 

A sharp rise in the urinary excretion of sulphur occurs in the first 24 hours after 
injection of BAL into rats; the ‘ethereal sulphur’ fraction of the urine is however 
unaffected, suggesting that, in the rat, detoxication of BAL does not occur by means 
of conjugation with sulphate (158). Peters ef al. (122), using radioactive BAL 
(5S), extended these findings and showed that the sulphur of BAL is largely excreted 
in the ‘neutral sulphur’ fraction. They also studied the distribution and persistence 
in the circulation of *S after injection of radioactive BAL into rats. Kidney, small 
intestine and liver were found to contain considerably more “S than other organs. 
Similar results with radioactive BAL have been obtained by Simpson and Young 
(149) for the distribution at a rather longer time interval. 

- The evidence so far obtained suggests that BAL is fairly rapidly removed from 
the blood stream. Peters et al. (122) showed that ®S remained in relatively high 
concentrations in the blood for 1 to 2 hours after injecting radioactive BAL, although 
the technique employed in these measurements did not differentiate between BAL 
itself and its metabolic products. Most of the observable pharmacological and bio- 
chemical effects of a single dose of BAL disappear within about 4 hours, and in the 
administration of repeated doses of BAL an interval of this order has been suggested 
between successive doses in an attempt to keep up the concentration of the drug in 
the blood. 


THERAPY OF EXPERIMENTAL ARSENICAL POISONING WITH BAL 


The original work on the treatment of lewisite intoxication in rats and guinea- 
pigs by 2:3-dimercaptopropanol by Stocken and Thompson (165) has already been 
mentioned, and as an extension to this work a small number of experimental lewisite 
contaminations on the forearms of human subjects was also carried out and treated 
with BAL. The ineffectiveness of monothiols in the decontamination of lewisite on 
Human skin was confirmed by Thomson ¢/ a/., (181), who also tested a number of other 
dithiols, including several water-soluble ‘derivatives of BAL, several of which proved 
highly effective decontaminants. 
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The early work on the protection and reactivation of enzymes from the effects 
of lewisite and sodium arsenite has been confirmed and extended by Barron et al. (6). 

The therapeutic effect of BAL on tissue cultures poisoned with lewisite oxide was 
studied by Fell and Allsopp (45), who found that a 10:1 excess (w/v concentration) 
of BAL in the culture medium was sufficient to protect the cells from the action of a 
just sub-lethal concentration of lewisite oxide. 

In animal experiments it has been shown that treatment of an area of lewisite- 
contaminated skin with BAL causes a significant reduction in the amount of arsenic 
remaining in the scar after 48 hours (166). Graham, Levvy and Chance (62) have 
also reported that BAL, applied directly to an area of contaminated skin, prevents or 
even reverses the fixation of arsenic in the skin, although the rate of absorption of 
arsenic was not noticeably increased. 

The rate of excretion of arsenic in the urine is, however, significantly increased by 
BAL therapy; this has been shown in rats contaminated with lewisite (166), and in 
rabbits after the recent injection of either phenylarsenoxide or mapharsen (18). 

In extension of the earlier work with sodium arsenite and the chemical warfare 
arsenicals, Stocken, Thompson and Whittaker (167) showed that BAL can also pro- 
tect the brain pyruvate-oxidase system from the inhibitory actions of mapharsen, 
arsphenamine and neoarsphenamine, and can also bring about the survival of rats 
after the injection of lethal doses of these arsenicals. In this connection, however, 
it is important to note that Peters and Stocken (123) have found that the compound 
formed by BAL and mapharsen is more toxic than mapharsen alone when injected 
intramuscularly into rats; in the presence of one mole excess BAL, however, the 
mapharsen-BAL complex has only about one fifth the toxicity of mapharsen. The 
same authors (123), Friedheim and Berman (49) and Friedheim and Vogel (50) have 
shown that in-vitro this compound more readily immobilizes various strains of micro- 
organisms than mapharsen. Ercoli and Wilson (43) investigated the effect of increas- 
ing amounts of BAL given in conjunction with mapharsen. They concluded that 
the curative action of the arsenical against T. eqguiperdum in mice was more readily 
affected than the trypanocidal activity, and that this method of treatment had no 
chemotherapeutic value. 

Eagle, Magnuson and Fleischman (40) have carried out an extensive study of 
the treatment with BAL of experimental mapharsen poisoning in rabbits. In the 
course of this work they developed a stable solution of BAL in arachis oil and benzyl 
benzoate which was capable of sterilization by heat (160°C. for 1 hr.), and which has 
formed the basis of all the preparations subsequently used therapeutically in man. 
They showed that intramuscular injections of this sterile solution of BAL proved 
effective in the treatment of mapharsen, lewisite and phenylarsenoxide poisoning 
in rabbits. Eagle and his colleagues (194), also studied the effect of BAL on the 
excretion of arsenic in man after exposure of subjects to an arsenical smoke (diphenyl- 
cyanoarsine). As in the work with animals already described, they found that a 
single intramuscular injection of BAL produced a significant and regular increase in 
the rate of arsenic excretion in the urine of both normal subjects and those exposed 
to the arsenical. 

In cats acutely poisoned with at Rg Riker (133) found that intramuscular 
injection of BAL dissolved in cotton-seed oil gave complete protection, and that this 
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oily solution was more effective in saving life than solutions of BAL in saline. He 
also reported on 2:3-dimercaptopropyl ethyl ether, which, however, he found con- 
siderably less effective as an antidote against mapharsen, although apparently effec- 
tive in preventing the hemolytic changes associated with arsine poisoning. 

A study of the effect of BAL on the blood and plasma concentrations of arsenic 
in cats poisoned with mapharsen has been carried out by Riker and Rosenfeld (134); 
they reported that a single dose of BAL rapidly causes a sharp rise in the whole blood 
and plasma levels of arsenic, and conclude that since this rise is chiefly in the plasma 
fraction, it reflects an increased rate of mobilization of tissue arsenic prior to its uri- 
nary excretion. 

Further evidence of the value of BAL in the treatment of experimental lewisite 
poisoning in dogs was obtained by Harrison ef al. (67, 68). 

A therapeutic application of considerable urgency and importance at the time 
of the discovery of BAL was its possible use in the treatment of eyes contaminated 
with lewisite vapor or droplets. Its value in this connection was demonstrated 
independently by Mann, Pirie and Pullinger (101) and Hughes (76). Briefly, it was 
found that the destructive action of lewisite on the rabbit’s eye can be prevented by 
the instillation of a 5 per cent BAL solution or ointment into the conjunctival sac 
within 5 minutes of contamination, while a distinct improvement in the ultimate 
condition of the eye was noticed even when treatment was delayed for as long as 20 
minutes after contamination. 

In addition to Riker’s (133) findings with 2:3-dimercaptopropyl ethyl ether 
already mentioned, Levvy (91) has reported on the use of ethane-1:2-dithiol in 
arsine poisoning, and Kensler, Abels and Rhoads (81) have studied the ability of a 
number of mono- and dithiols to prevent the lysis of erythrocytes by arsine in vitro; 
several dithiols were also effective in protecting tissue respiration from inhibition by 
arsine, and in saving the lives of rabbits, dogs and monkeys. 


CLINICAL USE OF BAL IN ARSENICAL INTOXICATION 


The application of 2: 3-dimercaptopropanol to the treatment of the complications 
that may develop in the course of arsenotherapy in man followed rapidly on the 
demonstration of its value in experimental poisoning with lewisite or sodium arsenite, 
and a very considerable amount of information is now available on this aspect of its 
uses. 

The first cases of widespread arsenical lesions in man to be treated with BAL 
received the compound by inunction of 5 or 10 per cent ointments. Longcope ef al. 
(95) treated 7 cases of dermatitis occurring in workers exposed to phenarsazine chlo- 
ride and 4 cases of exfoliative dermatitis produced by anti-syphilitic arsenicals; highly 
satisfactory results were obtained, and it was observed that the inunction of the BAL 
ointment into unaffected areas of skin produced as rapid clearing of the dermatitis as 
when it was rubbed into the inflamed areas themselves. This was, at the time, a 
point of some practical importance owing to the intense though transient burning 
sensation brought about by application of the ointment to inflamed skin. These 
workers also treated a further 11 cases of exfoliative post-arsphenamine dermatitis 
with intramuscular injections of 5 or 10 per cent BAL in peanut oil and benzyl ben- 
zoate, and obtained symptomatic and objective improvement. Carleton and asso- 
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ciates (15) also reported an early series of 30 cases of arsenical dermatitis, mostly 
following injections of neoarsphenamine; 9 of these cases were treated by inunction, 
and the remainder by injection. A careful analysis of the clinical results indicated 
a beneficial effect in a substantial number of cases. 

A further series of 44 cases has been described by Carleton, Peters and Thompson 
(16); in this series a ‘good’ or ‘fair’ response was obtained in 31 cases (70%). A 
report from the BAL Conference (126), convened by the Medical Research Council, 
has appeared, based on the results obtained in these 44 cases and on other publications 
then available. 

In most cases of acute exfoliative dermatitis the edema of the skin and the ooz- 
ing, if present, are among the first signs to show a response to BAL therapy, their 
decline usually occurring within 2 to 3 days of the first injection. A course of injec- 
tions is usually given, lasting for 5 or 6 days, and it is not uncommon for a slight 
relapse to be observed some time after the last injection; such relapses have, however, 
usually responded well to a further few injections. © 

In addition to arsenical dermatitis BAL has been used with success in the treat- 
ment of a number of other complications of arseno-therapy. Eagle and Magnuson 
(39) and Eagle (37) have reported on its use in arsenical encephalopathy and agranu- 
locytosis and in patients who in error had received massive doses of mapharsen; 
their results in so-called arsenical jaundice were unsatisfactory, but there is reason to 
believe that in many of these cases the immediate cause of the hepatitis is infective 
(141). Byrne (12) and Csonka (27) have also described cases of encephalopathy 
treated with BAL, while Holley (73) and Schrumpf (144) have reported on its use in 
arsenical granulocytopenia and thrombopenic purpura respectively. Woody and 
Kometani (196) have treated 42 children suffering from acute arsenical poisoning due 
to ingestion of substances containing arsenic, and state that in comparison with a 
previous group of 111 cases not treated with BAL the toxic symptoms subsided sooner 
and less hospitalization was necessary. It is of interest to note that although doses 
of 25 mg. BAL/kg. or more were given no fatalities due to the toxicity of BAL oc- 
curred. 

Friedenberg (48) has reported the successful use of BAL in the treatment of 
optic neuritis occurring in a patient with tabes dorsalis who had received two small 
doses of tryparsamide. 

Some conflicting results have been obtained regarding the effect of BAL on the 
urinary excretion of arsenic in arsenical intoxication in man. Luetscher, Eagle and 
Longcope (96) found a definite increase in arsenic excretion during the treatment of 
cases of dermatitis. Carleton e al., (15), however, concluded that BAL had no 
demonstrable effect on the urinary elimination of arsenic in these cases. The day- 
to-day variations in arsenic excretion even in the absence of BAL are marked, and 
the different findings of these workers may also have been influenced by the state of 
acuteness of the intoxication, and the interval between the last injection of the ar- 
senical and the start of BAL therapy. 


TREATMENT OF OTHER METAL INTOXICATIONS WITH DITHIOLS 


Mercury. It has been known for a number of years that compounds of mercury 
react with essenital SH groups in enzymes (131, 71, 36), and in 1940 Fildes (46) 
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showed that the inhibitory effects of mercuric chloride on the growth of Esch. coli 
could be prevented aud reversed by the presence of monothiols such as glutathione 
or cysteine. 

In view of the ability of 2 :3-dimercaptopropanol to form non-ionized complexes 
with heavy metals other than arsenic, the use of dithiols as antidotes in cases of 
poisoning by mercury was soon initiated. One of the earliest reports in this connec- 
tion was the description by Longcope and Luetscher (94) of 23 acute cases of mercuric 
chloride poisoning treated with intramuscular injections of BAL; 22 of the 23 patients 
studied recovered completely, although the amounts of mercury swallowed varied 
from 0.5 to 20 gm. 

More recently, a number of detailed studies have been made of the ability of 

monothiols and dithiols to protect against and to reverse the toxic action of various 
mercury compounds. Barron and Singer (9) have reported that glutathione is able 
partially to reverse the toxic effect of p-chloromercuribenzoic acid on the pyruvate- 
oxidase system of gonococci, and Barron and Kalnitsky (5) have found that various 
dithiols can bring about from 60 to 85 per cent reactivation of pigeon breast muscle 
succinic oxidase after poisoning with mercuric chloride. In the case of the pyruvate- 
oxidase system of brain Thompson and Whittaker (180) found that both BAL and 
glutathione were able to protect against the effects of HgCle. 
The tissue-culture technique has been used by Harrison and Randoll (69) to 
compare the relative merits of BAL, BAL-Intrav and sodium sulphide in preventing 
the inhibition of growth by mercuric chloride. Although BAL was of some value, 
it was stated that the two other compounds were more effective, and approximately 
equally so. 

In a study of the reaction of the isolated heart to the organic mercurial Salyrgan, 
Long and Farah (93) showed that either mono- or dithiols could prevent the toxic 
manifestations, but in the intact dog BAL was effective at one-fifth the molar con- 
centration of the monothiols. They also investigated the mortality rates in mice 
dosed with Salyrgan after a previous injection of either cysteine, glutathione or BAL, 
the mercurial and the thiol being both administered intravenously; glutathione and 
BAL were found to have approximately equal antidotal effects, while cysteine was 
rather less active. 

Confirming tke clinical observations of Longcope and Luetscher (vide supra), it 
has been shown in animal experiments that BAL can effectively counteract the acute 
toxicity of mercuric chloride. Gilman ef al. (54) administered mercuric chloride 
intravenously to rabbits and dogs, while Stocken (161), working with rats, gave the 
mercurial intraperitoneally. These investigations also showed that BAL possesses 
considerable antidotal effects against orally-administered HgCl. in dogs and rats. 
Braun, Lusky and Calvery (11) have also reported briefly on the use of BAL in HgCl, 
poisoning in rabbits, while Graham and Hood (61) have shown a protective action in 
mice. 

Further evidence of the antagonism between BAL and mercury compounds is 
provided by the work of Handley and La Forge (65), who found that in dogs the 
diuretic action of Mercuhydrin [1-(methoxy-oxymercuripropyl)-3-succinyl urea] is 
abolished by BAL, but is only partially diminished by monothiols. In seven cases 
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of congestive heart failure Sussman and Schack (171) observed a complete annulment 
of the diuresis produced by mercuhydrin when BAL was also given. Ginzler (58) 
has studied the anatomical lesions caused by mercury, and has shown that appropri- 
ate therapy with BAL can completely prevent the necrotizing action of mercuric 
chloride on the renal tubules. 

, Gold. The antidotal effect of BAL and of glutathione against the toxic actions 
of gold chloride and myocrisin (sodium aurothiomalate) on the brain pyruvate- 
oxidase system were studied by Thompson and Whittaker (180). Their results 
showed that under these in vitro conditions BAL effectively detoxicates both these 
‘compounds; some protection was also afforded by glutathione, although it was much 
less effective than BAL. 

Experiments with rats have ronan that an increase in sane time after the 
administration of gold sodium thiosulphate or gold thioglucose can be obtained by 
treatment with BAL. This effect was not obtained when the gold was given as 
sodium aurothiomalate; if, however, sub-lethal doses of this compound were given 
to young rats, the administration of BAL caused an increased growth rate as compared 
with that of control animals. This evidence indicating a therapeutic action of BAL 
in experimental gold poisoning is however offset by the finding that the association 
of BAL and gold produces a nephrotoxic action (90). With regard to this latter finding 
it must be realized that the doses, both of gold and of BAL, used in experimental 
work in animals are very much greater than those employed therapeutically in man. 

A number of short papers have also appeared dealing with the value of BAL in 
the treatment of toxic reactions arising in the course of gold therapy of rheumatoid 
arthritis (102, 23, 130, 92, 154, 148). Cases of exfoliative dermatitis, thrombocyto- 
penic purpura and granulocytopenia have been described, and, in general, it has 
been concluded that treatment with BAL has been of value, in some instances strik- 
ing responses being obtained. Ragan and Boots (130) have stated that a significant 
increase in the urinary excretion of gold occurs after BAL therapy; they also reported 
‘an exacerbation in the symptoms of the rheumatoid arthritis following this increased 
elimination of gold. 

Lead. ‘The possibility of treating lead poisoning with dithiols has been investi- 
gated by several groups of workers, but the results which have been obtained are 
much less clear-cut than with the other metals which have been considered above. 
Braun ef al. (11) first reported that the mortality of rabbits poisoned intraperitoneally 
with lead nitrate was increased above that of control animals by treatment with BAL. 
Weatherall (192), working with mice, has claimed, however, that the mortality 
caused by repeated intraperitoneal injections of lead acetate can be slightly reduced 
by BAL and more significantly by BAL glucoside. Jn vitro he found that both 
these compounds prevented the decrease in the fragility of washed erythrocytes 
brought about by lead acetate, while in rabbits each significantly decreased the anemia 
caused by a single dose of lead acetate given by mouth; the mortality rate however 
was not significantly affected, while the coproporphyrinuria was actually increased. 
Weatherall concludes that the action of BAL in lead poisoning is restricted to an 
inactivation of lead ions not yet taken up by cells, and that there is no evidence of 
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‘de-leading’ and therefore no reversal of poisoning comparable to that which occurs 
with arsenicals. 

Germuth and Eagle (53) have also reported a failure to protect rabbits poisoned 
with intravenous or subcutaneous injections of lead acetate. 

On the other hand, injection of BAL increases the urinary excretion of lead, and 
markedly affects the distribution of the metal in the tissues (57). It has also been 
claimed that the nephrotoxic action of lead in rats can be prevented by the intraperi- 
toneal injections of an aqueous solution of BAL (22). 

Turning to the effects of lead in man Ryder, Cholak and Kehoe (140) reported 
that treatment with BAL of a group of men who had been exposed to an industrial 
hazard of lead brought about a rapid fall in the concentration of lead in the whole 
blood, although causing no change in the plasma level. It also caused a considerable 
increase in the urinary excretion of lead, but despite these findings it was concluded 
that BAL therapy is of little value in the treatment of lead poisoning. 

Telfer (173) has reported a case of chronic lead poisoning which he treated with 

BAL. An increased excretion of lead occurred during two courses of therapy; the 
conclusion was reached that BAL was deserving of a further trial both as a diagnostic 
test (increased excretion of lead) and possibly as a therapeutic aid. 
_ Cadmium. Some careful and detailed experimental work has also been carried 
out with this metal, since although cadmium poisoning is not frequently encountered 
industrial accidents with it have occurred. The biochemical aspects of its mode of 
action have been studied by Simon, Potts and Gerard (147), who investigated the 
action of cadmium ions on tissue respiration and on a number of partially purified 
enzymes. They found succinic dehydrogenase to be most readily inhibited by cad- 
mium among the systems studied by them; choline oxidase was also inhibited but 
to a smaller extent, while alkaline phosphatase, mono-amine oxidase and cytochrome 
oxidase were only slightly affected, if at all. 

These workers also used the succinic dehydrogenase from lung tissue for an im 
vitro study of the ability of thiols to reverse the inhibition produced by cadmium 
chloride. They observed an increasing efficacy with the number of SH groups in 
the molecule, a trithiol being the most active agent, dithiols of intermediate and 
monothiols of least value. Barron and Kalnitsky (5) also investigated a large num- 
ber of dithiols as antidotes against the inhibition of muscle succinic oxidase by bis- 
muth, mercury, cadmium, vanadium, zinc, lead and selenium. They concluded 
that two 1:3- substituted dithiols, 1:3-dimercaptopropanol and 1:3-dimercapto- 
propane, were distinctly better than BAL not only for the reversal of cadmium inhi- 
bition but also for that caused by the other metals. 

In the treatment of cadmium poisoning in animals apparently conflicting results 
have been obtained. In mice the mortality was reduced from 93 per cent to 7 per 
cent when intramuscular BAL was given after intraperitoneal CdCl, and in dogs from 
100 per cent to 42 per cent when the CdCl, was inhaled as a mist (182). Similar 
results were obtained in dogs with cadmium aerosols by Harrison e/ al. (66), but on 
the other hand prophylactic BAL appeared to have a deleterious effect (182). It 
appears that BAL does not affect in any characteristic way the distribution of cad- 
mium in the tissues (66) or the concentration or rate of removal of cadmium from 
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the lungs, while when BAL is administered before the cadmium it actually fixes more 
of the metal in the lungs (182). 

It has also been shown that although BAL appears to exert a therapeutic effect 
against cadmium, renal insufficiency may develop in the treated animals (182, 55). 
It is concluded that this is brought about as a result of the tubular reabsorption caus- 
ing a concentration of the cadmium mercaptide in the epithelium of the renal tubules, 
with a subsequent release by intracellular oxidation of toxic amounts of cadmium 
ions. 

Death can therefore result from renal insufliciency in spite of the fact that BAL 
has probably removed cadmium from essential tissue enzymes elsewhere. Therapy 
with BAL-glucoside appears to be more successful, and the incidence and degree of 
renal damage in surviving animals is distinctly less than that observed after therapy 
with BAL by Gilman ¢é al. (55). These workers also found the monothiols, 1-thio- 
sorbitol and 1-thioxylitol of some value therapeutically in cadmium poisoning. 
According to Teppermann (174) when BAL is used as the antidote the increased ex- 
cretion of cadmium occurs in both urine and feces, while after treatment with BAL- 
glucoside it occurs chiefly in the urine. This finding supports the view that the 
cadmium complex formed with the BAL-glucoside remains extracellular, and is not 
re-absorbed to the same extent as the BAL compound. It seems possible therefore 
that a combination of the two drugs might produce a considerable increase in thera- 
peutic efficiency, since the BAL should remove cadmium from the cells, and with 
the subsequent establishment of an equilibrium between the BAL and the BAL- 
glucoside the accumulation of toxic amounts of cadmium in the kidney might be 
avoided. 

Antimony. In vitro evidence of antidotal effects of BAL against the toxic action 
of antimonials has been obtained by Thompson and Whittaker (180), who showed 
that BAL, when present in a molar ratio of 6:1, was able to bring about a significant 
degree of reversal of the toxic action of tartar emetic on the brain pyruvate oxidase 
system, even when the poisoning had been allowed to proceed for 20 minutes. It 
was also shown to be able to protect the enzyme from inhibition by stibophen (Fua- 
din), a complex compound of trivalent antimony and sodium catechol disulphonate. 
In the case of the muscle succinic-oxidase system Barron and Kalnitsky (5) found 
that the amount of BAL required to reverse the action of Fuadin was too large to 
be practicable. 

In animal experiments Gammill, Southam and van Dyke (51), using rats, ob- 
tained an increased mortality rate when BAL was used as an antidote to the intra- 
peritoneal injection of Fuadin, Neostam (glucoside of sodium /-aminophenylstibo- 
nate) or Neostibosan (diethylamine p-aminostibonate), although it did prove of 
some value against tartar emetic. In rabbits, however, Eagle and associates (38) 
obtained successful protection against intravenous Anthiomaline (antimony lithium 
thiomalate), Fuadin, tartar emetic and p-methylphenol stibonic acid, confirming the 
results of Braun ef al. (11), reported earlier, who used tartar emetic, Fuadin and 
Neostam. 

Other Metals. . Indications that treatment with dithiols may be of value in yet 
other forms of metallic poisoning are provided by further experiments of Braun e 
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al. (11), who found that the LDso doses of nickel chloride, potassium bismutho- 
tartrate and potassium chromate were significantly increased by intramuscular in- 
jections of BAL shortly after the administration of the metal salt. Olcott and Riker 
(15), however, have reported that BAL is of no value in experimentally-produced 
argyria in rats. Amdur (2) treated 3 cases of accidental exposure to tellurium fumes 
with BAL, and suggested from the short duration of the symptoms that a beneficial 
result had been obtained. 
Some interesting observations have been reported by McCance and Widdowson 
(106) on the effect of BAL-glucoside on the heavy metals normally present in the 
serum in man, since it was thought possible that BAL might also form soluble com- 
pounds with these metals, and so cause an increase in their excretion in the urine. 
Urine was therefore collected from 6 subjects before and after the intravenous injec- 
tion of BAL-glucoside. Analysis of the urine specimens showed that the drug in- 
creased the urinary excretion of copper about 20 times and that of zinc about 5 times; 
the excretion of iron however did not appear to be significantly affected. In view of 
the prevalence in certain areas of diseases of sheep associated with either a deficiency 
or an excessive storage of copper a similar investigation has been carried out with 
sheep (108); in this species the rate of excretion of copper was increased approxi- 
mately 30 times by an injection of BAL-glucoside. Stocken and Thompson (163) 
have further shown that BAL itself causes a similar increase in copper excretion in 
the rat, while in man a single injection of 3 mg. BAL/kg. body weight produces a 
marked elevation of the copper excreted by the kidneys in the succeeding 2 hours 
(100). Stewart and Robertson (160) administered a prolonged course of BAL in- 
jections to a sheep, and obtained an estimated loss of 7 mg. copper over a period of 
60 days. 
Macnider (99) has reported that BAL, given twice daily for 8 days, is unable 
to prevent toxic signs developing in the livers of dogs poisoned with uranium nitrate. 


MISCELLANEOUS APPLICATIONS OF 


Although this review is primarily concerned with the reactions of thiols with 
metals, a brief reference will be made to some miscellaneous applications of BAL 
although in some instances the relevance to metals, or indeed the mechanism under- 
lying the observations, is far from clear. 

Chesler and Tislow (21) have reported that BAL, given either orally or paren- 
terally, protects rats against the diabetogenic and lethal effects of subsequent injec- 
tion of alloxan, a reaction which is to be anticipated on chemical grounds. Similar 
results were obtained by Lazarow (89). 

In view of the suggestion of Du Bois (33) that thiol-containing compounds are 
inhibited by a-naphthylthiourea, BAL and 1-thiosorbitol have been studied as pos- 
sible antidotes for phenylthiourea Poisoning (70). It was found that thiosorbitol 
affords considerable protection if given immediately, whereas BAL increases rather 
than diminishes the toxicity. ; 

In the field of antibiotics Anderson and Chin (3) have reported that BAL at a 
dilution of 1:100,000 is synergistic with subtilin in bacteriostatic action on all the 
strains of mycobacteria tested, but not on M.lysodeikticus. The action of strepto- 
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mycin is potentiated against pathogenic mycobacteria, although against M. lysodeikti- 
cus it is inactivated in the presence of BAL. It is of interest to note that Johnson, 
Anken, Scudi and Goldberg (79) have reported that bacitracin is also inactivated by 
BAL. Chain, Philpot and Callow (17) have used BAL to prevent the catalytic 
effect of metal ions on the alcoholysis of the penicillins. 

Since one theory of tumor formation has suggested that the carcinogen reacts 
with free SH groups in the cell (25), Lusky, Braun and Woodward (97) have investi- 
gated the possibility that the provision of a competing thiol might prevent tumor 
development. Using comparable groups of 55 mice they were able to show that 17 
weeks after the application of benzpyrene, 82 per cent of the control mice had de- 
veloped skin tumors as compared with 58 per cent in the group anointed with BAL 
in addition to benzpyrene, a difference which was shown to be statistically significant. 

In a recent investigation of the succinic oxidase system Slater (153) has reported 
that although the complete system was practically completely inhibited by BAL 
under his conditions, neither the cytochrome oxidase nor the succinic dehydrogenase 
is significantly affected. These findings have led him to the conclusion that BAL 
inactivates a hitherto unknown component of the complete system, this labile factor 
being concerned in the transfer of electrons from cytochrome 6 to cytochrome c. 

In a study of the toxic principles of argemone oil, Sarkar (142) has isolated di- 
hydrosanguinarine and sanguinarine, and has shown that the latter inhibits pyruvate 
oxidation by brain preparations. He has also obtained successful im vitro protection 
of this enzyme system from inhibition by sanguinarine, and has protected rats from 
the effects of an intraperitoneal injection of a lethal dose of the poison. 

Dustin (35) has reported that although BAL is capable of reversing to a certain 
extent the mitotic poisoning produced by sodium arsenite, it is itself a mitotic poison, 
with an activity similar in type to that of colchicine. 


BAL-INTRAV 


The preparation by Danielli e al. (28) of the glucoside of BAL (BAL-Intrav) 
has already been mentioned. This compound is very markedly less toxic than BAL, 
the LDgo for rabbits being greater than 5 g/kg., i.e., less than one hundredth the 
toxicity of BAL. It represents an advance of conaldpable theoretical importance, 
and in view of its water-solubility it was hoped that it might also constitute a prac- 
tical advance in providing a non-toxic dithiol suitable for intravenous use. Some 
difficulty has, however, been experienced in the preparation of this compound, or of 
related compounds, in a pure and stable form, but work in this connection is still 
progressing. Mention has already been made of the therapeutic applications of this 
glucoside. 
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